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In previous studies (Halpern, Benacerraf and Biozzi, 1953; Biozzi, Bena- 
cerraf and Halpern, 1953) a method was described for investigating the granulo- 
pectic activity of the R.E.S. in the rat by measuring the rate of clearance from 
the blood of carbon particles of known size (about 250 A). When commercial 
India ink was used and doses of carbon above 16 mg./100 g. body wt. were injected 
the shellac present in the ink was found to be very toxic, causing a liberation of 
thromboplastin from the tissues. This caused the deposition of fibrin in the 
blood and precipitated the ink. When lower doses of ink were injected this did 
not occur and the animals showed no ill effect. When a suspension of carbon 
particles of the same size and without shellac was injected the animals tolerated 
perfectly well up to 64 mg. carbon/100 g. The clearance of carbon from the 
blood with this carbon suspension, or with commercial ink with shellac for doses 
of carbon below 16 mg./100 g., followed an exponential equation C = Co 10-*7. 
The constant K of the equation was called the granulopectic index and reflects 
the granulopectic activity of the reticulo-endothelial cells of the animal for a 
given dose of carbon. It was seen that for a given dose of carbon the granulo- 
pectic index varied with the cube of the weight of the organs, liver and spleen, 
involved in the phagocytic activity. 

The carbon phagocytosed by the cells had a saturating influence upon their 
granulopectic activity according to the following equation 


where P is the amount of carbon phagocytosed at the time 7’ and Co the initial 
concentration of carbon in the blood. When, in a given animal, successive doses 
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of 8 mg. carbon/100 g. were injected the granulopectic activity reflected by the 
granulopectic index decreased considerably for the following doses, showing again 
the saturating effect of the phagocytosed carbon on the reticulo-endothelial cells. 

It seemed of interest to investigate the regenerative capacity of the R.E.S. 
as shown by its granulopectic activity towards a new dose of carbon. The 
R.E.S. was saturated with a standard dose of carbon (16 mg. carbon/100 g.) of 
either the commercial ink or of carbon suspension without shellac, and they 
received new doses of carbon at varying times afterwards to study the return of 
the granulopectic function after the blocking dose. 

To determine whether the recovery of the granulopectic function after a 
saturating dose of carbon depended upon the proliferation of the cells of the 
R.E.S., the effect of well known anti-mitotic substances such as nitrogen mustard 
and cortisone was studied first upon the phagocytic activity of the cells of the 
R.E.S. and then upon the rate of recovery of these cells after a blocking dose of 
carbon. 


EXPERIMENTAL. 


Regenerative Capacity of the R.E.S after Saturation with a Standard Dose of either 
Commercial Ink or Carbon Suspension without Shellac. 


Two carbon preparations were used in these experiments : 


Commercial India ink ‘ Pelikan ’’* with shellac contains 80 mg. carbon/ml. The size 
of the particles of carbon was investigated, and found to be about 250 A by the electron 
microscope. For injection into animals 20 per cent dilutions of ink were made in normal 
saline containing 1 per cent gelatin to afford the stabilizing protection of a colloidal agent. 

Carbon suspension C11/143la, prepared by the same manufacturer, contained about 
100 mg. carbon /ml. suspended in a solution of fish glue with a small amount of phenol as a 
preservative. The size of the particles of carbon was the same as that of commercial ink 
after centrifugation at 5000 r.p.m. for 15 min. to remove the small number of larger 
particles of carbon present in the original preparation. This suspension of carbon was 
diluted with a solution in doubly-distilled water of gelatin neutralized with ammonia. 
A dilution of the ink containing 16 mg./ml. carbon was prepared ; the carbon suspension 
was kept at about 40° before use to avoid solidification of the gelatin. 

The experiments were carried out on 76 white male adult rats weighing 150 + 50 g. 
To obtain a relative saturation of the R.E.S., one group of 50 rats was injected intravenously 
with a dose of 16 mg. carbon/100 g. body wt. (blocking dose) of commercial ink with shellac, 
and another group, 26 rats, received the same dose of the special carbon suspension C11/1431a 
without shellac. Five hours after these injections a series of animals from each group 
received intravenously 8 mg. carbon/100 g. carbon suspension C11/143la, and the rate of 
clearance from the blood used to calculate the mean granulopectic index (Halpern et al., 
1953). This was repeated on other animals from each group at regular time intervals and 
the mean granulopectic index was calculated in every case. In this fashion the return of 
granulopectic activity after the depressing effect of a blocking dose of carbon with and 
without shellac could be ascertained. The results of these experiments are presented in 
Fig. 1. 

Two separate groups of animals received the saturating dose of carbon with and without 
shellac and were killed at regular time intervals to study changes in the distribution of carbon 
in the organs histologically. 


The results presented in Fig. 1 show that when the R.E.S. is saturated with 
16 mg. carbon/100 g. with shellac, the normal granulopectic activity towards a 
new dose of carbon does not return before the 12th day ; in the first 4 days there 
is practically no return of function. 
* Gunther Wagner, Hanover. 
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When the R.E.S. is blocked with the same dose of carbon but without shellac, 
the normal granulopectic activity is completely recovered within 3 days. The 
shellac in the commercial India ink thus has a very marked depressing effect on 
the recovery of the R.E.S. after a blocking dose of carbon. The shellac adsorbed 
on the particles of carbon is therefore specifically toxic for the cells of the R.E.S. 
in doses giving no sign of systemic toxicity. 

The histological studies performed a few hours after the injections in animals 
which received the saturating dose of carbon with or without shellac showed a 
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Fig. 1.—Regenerative capacity after blockade of the R.E.S. of rats as measured by the mean 
granulopectic index for a dose of 8 mg. carbon/100 g. in animals having received 16 mg./ 
100 g. carbon, with or without shellac, as the blocking dose. (a) Granulopectic index after 
blocking dose of carbon without shellac. (6) Granulopectic index after blocking dose of 
carbon with shellac. ; 


regular distribution throughout the liver (Fig. 5). In animals killed after 12 
days there is a different distribution of the carbon in the liver. The carbon 
which was evenly distributed in the Kupffer cells throughout the organ has now 
migrated to the periportal spaces. If the animals are killed after one month 
this phenomenon is even more evident (Fig. 6). The carbon is agglomerated in 
large blocks in the periportal space and the lobule itself is free from carbon. It is 
difficult to say whether the cells themselves have migrated or whether the carbon 
has moved to its new site after the death of the Kupffer cells. 

Estimations of carbon in whole organs by the methods described in previous 
studies (Halpern et al., 1953) showed that in spite of this change in the distribution 
of the carbon in the organ itself, the total quantity of carbon in the various organs 
remains unchanged over very long periods of time. 


Effect of Cortisone and of Nitrogen Mustard on the Granulopectic Activity of the 
R.ES 


To discover whether the recovery of granulopectic activity after a blocking 
dose of carbon is due to a proliferation of new cells it seemed of interest to investi- 
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gate the effect of well known anti-proliferative substances such as cortisone anc 
nitrogen mustard on this phenomenon. However it was necessary to study 
first the effect of these substances on the basic granulopectic activity of the R.E.S. 


Cortisone (Merck) was injected subcutaneously in daily 5 mg. doses for 8 days. At the 
end of the eighth day they were injected with 8 mg. carbon/100 g. ink without shellac and 
the granulopectic index calculated as described above. The animals lost weight under 
this treatment (about 20-25 g.). They were given the dose of carbon according to the 
original weight. 

The animals treated with nitrogen mustard (“‘ Caryolysine,” Delagrange) received 0-20 
mg./100 g. intravenously 3 days before the injection of 8 mg. carbon/100 g. This is the 
maximum dose tolerated by the animals. It caused also a loss of weight of about 30 g. 
The dose of carbon was given according to the original weight. The granulopectic index 
was calculated for each animal. A group of control animals of the same lot received 8 mg. 
carbon /100 g. at the same time as the treated ones and the granulopectic index was calculated 
for each animal. The results of these experiments are presented with their standard devia- 
tions in the Table. 


TaBLE.—Effect of Nitrogen Mustard and of Cortisone on the Granulopectic Index 
of the R.E.S. in Normal Rats. 


Controls. Nitrogen Cortisone.t 
mustard.* 

-032 : 0-041 . 0-066 

031 ° 0-0275 . 0-039 

050 . 0-0225 ; 0-045 

027 : 0-034 : 0-024 

057 : 0-0525 : 0-044 

037 ; 0-050 : 0-065 

057 : 0-070 ; 0-095 

075 : 0-077 

063 : 

043 

045 

062 


0 

0- 
0: 
0: 
0- 
0- 
0: 
0- 
0- 
0- 
0- 
0: 


Mean . 0:048+0-014 : 0-047+0-018 : 0-054+0-022 


Figures are the granulopectic index in individual rats. 

* 0-2 mg./100 g. nitrogen mustard given intravenously 3 days before administration of carbon. 
+ 5 mg. cortisone given subcutaneously daily for 8 days before administration of carbon. 

Dose of carbon for all groups 8 mg./100 g. 


It is very important in these experiments to use animals of the same lot, as the sub- 
stances siudied have a marked effect on the weight of the liver and spleen. The relationship 
between the granulopectic index and the weight of the organs (Biozzi et al., 1953) cannot be 
used in this case to correct for the wide individual variations. The animals used in this 
experiment came from a lot with larger organs than average; hence the granulopectic 
indices of both control and treated rats were higher than average values for the species. 


The results presented in the Table show that the animals treated with cortisone 
or with nitrogen mustard possess a granulopectic activity similar to that of the 
control animals. There does not seem to be a significant deviation from normal 
in either group. According to these results, neither cortisone nor nitrogen mustard 
in the dosage used has an effect on the granulopectic activity of R.E.S. 

In the animals treated with nitrogen mustard the weights of liver and spleen 
decreased markedly from normal, while in the animals treated with cortisone the 
weight of the spleen decreased from normal but the weight of the liver was 
considerably increased. The increase in size of the liver was probably due to 
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accumulation of fat and glycogen under the effect of cortisone. This effect has 
been described by other authors (Lowe, Williams and Thomas, 1951 ; Germuth, 
Nedzel, Ottinger and Oyama, 1951). In spite of these opposite changes in organ 
weight the granulopectic activity was not modified, showing that the changes 
did not affect the elements responsible for this. 


Effect of Cortisone and Nitrogen Mustard on the Regenerative Capacity of the RES. 
after Saturation with a Blocking Dose of Carbon with Shellac. 


White male rats weighing 150 + 50 g. were divided into 4 groups of 12 each. All 
received intravenously 16 mg. carbon/100 g. in the form of commercial ink. Groups 1 and 
2 were used as control. Group 3 was treated with cortisone and Group 4 was treated with 
nitrogen mustard. 

The first group of control animals was tested with 8 mg. carbon/100 g. 5 hr. after the 
saturating dose of carbon, to measure the extent of blockade obtained. The rate of clearance 
of carbon from the blood was determined for this dose of carbon for each animal and the 
means of the logarithms of the concentrations in the blood were plotted against the time 
(Fig. 2). 

The second group of control animals was tested with 8 mg. carbon/100 g. 12 days after 
the first saturating dose of carbon, when, as shown above, the granulopectic activity has 
returned to normal. 

The animals of Group 3 treated with nitrogen mustard received 0-25 mg. /kg. Caryolysine 
every 3 days for 4 doses, starting the day before the blocking dose of carbon. 

The animals of Group 4 received 5 mg. cortisone daily for 14 days, starting 2 days before 
the blocking dose of 16 mg. carbon/100 g. 

On the 12th day the animals of Groups 3 and 4 were tested with 8 mg. carbon/100 g. 

Groups 3 and 4 both lost some weight during the course of the experiment (about 20 g. 
per animal). The test dose of carbon was injected according to the original weights in all 
animals. In a small number of animals the test dose of carbon was injected according to 
the actual weight ; there was no significant difference in the results obtained. 

In this experiment also treatment with cortisone and with nitrogen mustard modified the 
weight of the liver and spleen as described above. 


The results presented in Fig. 2 show that treatment with cortisone or with 
nitrogen mustard inhibits markedly the return of normal granulopectic activity 
of the R.E.S. after it has been saturated with 16 mg. carbon/100 g. with shellac. 
In animals treated with cortisone or with nitrogen mustard, the granulopectic 
activity 12 days after the blocking dose is little changed from what it was 5 hr. 
after the blocking dose, the R.E.S. having recovered very little of its original 
activity. 

These results are consistent with the view that cortisone and nitrogen mustard 
inhibit the recovery of the granulopectic activity of the R.E.S. after a standard 
blocking dose of commercial India ink by a possible inhibition of the multiplication 
of cells which will replace the macrophages no longer functional. This would 
mean that the recovery of normal granulopectic function after relative saturation 
with a standard dose of carbon with shellac is dependent upon cell proliferation. 
It seems therefore that the carbon particles stimulate the proliferation of new 
cells. This effect is even stronger when the carbon injected does not contain the 
toxic shellac (Fig. 1). 


Effect of Cortisone and Nitrogen Mustard on the Regenerative Capacity of the R.E.S 
after Saturation with a Blocking Dose of Carbon without Shellac. 


A first series of experiments was carried out using the same technique and dosages as 
when commercial ink was the blocking agent used. However, the experiment was not carried 
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on over 3 days as such is the time necessary for the return of normal function in control 
animals. 

All animals received 16 mg. carbon/100 g. Cl1/143la as the saturating dose. They 
were divided as before into 4 groups ; 1 and 2 were controls, Group 3 was treated with corti- 
sone, and Group 4 received nitrogen mustard. The animals of Group 1 were injected with 
the test dose of 8 mg. carbon/100 g. 5 hr. after the blocking dose. Groups 2, 3 and 4 were 
injected with the test dose of 8 mg. carbon/100 g. 3 days after the blocking dose of carbon. 
In all cases, for the test dose of carbon, the rate of clearance of carbon from the blood was 
investigated and the means of the logarithms of the concentrations in the blood were plotted 
against the time (Fig. 3). 
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Fic. 2.—Effect of cortisone (5 mg./day for 15 days) and of nitrogen mustard (4 doses of 
25 mg./kg. at 3-day intervals) on the return of normal granulopectic function of the R.E.S. 
of the rat after saturation with 16 mg./100 g. carbon with shellac. Following a test dose 
of 8 mg. carbon/100 g. the means of the logarithms of the concentrations of carbon in the 
blood were plotted against the time. (a) Control after 5 hr. (b) Nitrogen mustard after 
12 days. (c) Cortisone after 12 days. (d) Control after 12 days. 


The animals treated with nitrogen mustard received two doses of 0-25 mg./kg. intra- 
venously, the first dose the day before the blocking dose of carbon and the second one the 
day of the test dose of carbon. The animals treated with cortisone received 5 mg. per day 
subcutaneously for 6 days starting 3 days before the blocking dose of carbon. 

Another series of experiments was carried out using higher doses of nitrogen mustard 
and cortisone. The same technique was used, but Group 3 received 12-5 mg. cortisone/100 
g. subcutaneously for 5. days starting 2 days before the blocking dose of carbon. Group 4, 
treated with nitrogen mustard, received a single dose of 0-20 mg./100 g. intravenously. The 
results of these experiments are presented (Fig. 4). 

As in other experiments described above the typical effects of these drugs on the weights 
of the liver and spleen were observed. These effects did not allow us to make corrections 
for the natural variations between the animals, other than using animals of the same lot 
for treated and for controls. All the animals used in this last series of experiments presented 
a granulopectic activity above the average presumably because of relatively larger organs 
(liver and spleen). 


The data presented in Fig. 3 and 4 show that cortisone or nitrogen mustard 
inhibit recovery of the granulopectic activity of the R.E.S. after a blocking dose 
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Fic. 3.—Effect of cortisone (5 mg./day for 5 days) and of nitrogen mustard (2 doses of 0-25 
mg./kg. at an interval of 3 days) on the return of normal granulopectic function after 
saturation with 16 mg./100 g. carbon without shellac. Following a test dose of 8 mg. carbon/ 
100 g. the means of the logarithms of the concentrations of carbon in the blood were plotted 
against the time. (a) Control after 5 hr. (b) Control after 3 days. (c) Cortisone after 
3 days. (d) Nitrogen mustard after 3 days. 
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Fic, 4.—Effect of cortisone (12-5 mg./100 g./day for 5 days) and of nitrogen mustard (0-20 
mg./100 g. single dose) on the return of normal granulopectic function after saturation 
with 16 mg./100 g. carbon without shellac. Following a test dose of 8 mg. carbon/100 g. 
the means of the logarithms of the concentrations of carbon in the blood were plotted 
against the time. (a) Control after 5 hr. (b) Cortisone after 3 days. (c) Nitrogen mustard 
after 3 days. (d) Control after 3 days. 
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of carbon without shellac, but only when very high doses of these drugs are 
administered. 

This result is not obtained when lesser doses of cortisone or of nitrogen mustard 
(Fig. 3) are administered, although these doses are very effective in preventing a 
return of normal function when the blockage of the R.E.S. is carried out with 
carbon with shellac. 

In spite of high doses of the drug administered, the treatment with these drugs 
had only a partial inhibiting effect on the recovery of normal granulopectic 
function. 

The importance of shellac adsorbed on the carbon of commercial India ink 
as a toxic cellular substance which localises itself selectively in the cells of the 
R.E.S. themselves should be stressed. When the R.E. cells have not absorbed 
this substance with the carbon, and if they have absorbed carbon alone the system 
recovers its activity in one fourth the time observed when it has also absorbed 
shellac (Fig. 1). It may be that the R.E. cells proliferate very rapidly and it is 
only with very high doses of growth-inhibiting substances such as cortisone or 
nitrogen mustard that the return of normal granulopectic function is prevented. 


DISCUSSION. 


These findings establish that, when a standard dose of carbon without shellac 
(16 mg. carbon/100 g.) is injected into the animal in order to diminish the granulo- 
pectic activity of its R.E.S., the return of normal activity occurs within 3 days 
in spite of the fact that carbon is still present in the cells of the R.E.S. 

If the same dose of carbon with shellac (commercial India ink) is used as the 
blocking agent, the shellac present in the ink and adsorbed on the carbon particles 
retards the return of the normal granulopectic function until the 12th day. 

Histological study has shown that the carbon phagocytosed by the Kupffer 
cells of the liver and evenly distributed in the organs migrates towards the peri- 
portal spaces, leaving the cells of the lobules free from carbon. This is completed 
within a month of the injection of the carbon suspension. The differences observed 
in the recovery of normal granulopectic activity in the animal receiving the 
preparation with shellac or the carbon suspension alone are considerable ; it 
indicates that both carbon preparations do not affect the cells in the same way. 
The explanations that are given below for these differences are based on the 
hypothesis that the shellac damages the mechanism for the new formation of 
phagocytic cells. 

Cortisone and nitrogen mustard, both substances possessing considerable 
growth-inhibiting activity, inhibit the return of normal granulopectic function 
after blockade with either carbon particles alone or carbon particles with shellac. 
This effect is more evident and is observed with lower doses of the drugs in the 
animals which received carbon with shellac. 


DESCRIPTION OF PLATE. 


Fic. 5.—Liver of rat given 16 mg. carbon/100 g. intravenously and killed 5 hr. later. Carbon 
is evenly distributed in Kupffer cells throughout. x 120. 

Fic. 6.—Liver of rat given 16 mg. carbon/100 g. intravenously and killed 1 month later. 
Carbon is agglomerated in large masses in the periportal spaces, while the lobule itself is 
free. x 120. 

(The suspension used in each of these experiments was without shellac.) 
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These results suggest that the return of normal granulopectic activity of the 
R.E.S. after relative saturation with carbon particles is dependent on a formation 
of new phagocytic cells to take the place of those saturated by absorbed particles. 
The taking up of particles by the R.E. cells determines therefore a proliferation 
of the cells of this series by an unknown mechanism. This observation is in 
agreement with the data presented by Simpson (1952) who reported that she 
could induce a proliferation of the phagocytic cells of the liver by the injection 
every 2 weeks for 100 days of a 1 per cent solution of trypan blue. In 55 per cent 
of the animals thus treated for 150 days, there appeared reticulo-sarcoma in the 
liver. 

The rapid return of granulopectic function after a standard dose of carbon 
without shellac is very remarkable and suggests that the carbon particles exert 
by themselves a very strong stimulus to the regenerative process. 

Cortisone and nitrogen mustard, although they have an effect on the recovery 
of normal function after blockade with a standard dose of carbon, have been 
shown to have no effect on the basic granulopectic activity of the R.E. cells in 
the doses used. These results are in agreement with the experiments of Martin 
and Kerby (1952), who showed that in the rabbit treatment for 4 days (25 mg. 
per day) of cortisone did not alter the percentage of bacteria arrested by the liver 
and spleen when standard doses of bacteria were injected, and of Gell and Hinde 
(1953), who reported that cortisone does not affect the granulopectic activity of 
the R.E.S. in mice towards colloidal radioactive gold particles. 

The diminished resistance to infections in animals treated with cortisone which 
has been well established (Kilbourne and Horsfall, 1951) could not be ascribed 
to a lack of basic granulopectic activity, but rather to the inhibition by the 
hormone of new formation of phagocytic cells in spite of stimulation. This effect 
of the hormone is another instance of its inhibiting effect on proliferating con- 
nective tissue (Ragan, Howes, Plotz, Meyer, Blunt and Lattes, 1950), fibroblasts 
(Taubenhaus and Amromin, 1950), and kidney tissue (Halpern and Cournot, 
1952). 

The inhibiting effect of cortisone and of nitrogen mustard on the recovery of 
normal granulopectic function after blockage by phagocytosed carbon has been 
shown in this study to be caused probably by the inhibition by these substances 
of cell proliferation in spite of stimulation by the phagocytosed particles. If one 
accepts Burnet’s theory that antibody production is the consequence of cellular 
proliferation of cells which have been in contact with the antigen, the results of 
our experiments afford an explanation for the depressing effect on antibody pro- 
duction of nitrogen mustard (Philips, Hopkins and Freeman, 1947; Spurr, 
1947 ; Bukantz, Dammin, Wilson, Johnson and Alexander, 1949) and of cortisone 
(Fischel, 1950; Halpern, Mauric, Holtzer and Briot, 1952). 

This does not mean, however, that the cells which are responsible for the 
phagocytosis of intravenously injected carbon particles are the ones involved in 
antibody production, but rather that the effect of cortisone and nitrogen mustard 
on the cells responsible for antibody production could be explained on the basis 
of a mechanism similar to the one observed in these experiments. 


SUMMARY. 


The return of normal granulopectic function after the injection of a standard 
blocking dose of carbon with and without shellac has been investigated. The 
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presence of shellac in commercial India ink slows down considerably (4 times) 
the recovery of normal granulopectic activity. 

Cortisone and nitrogen mustard do not modify the normal granulopectic 
function of the cells of the R.E.S. towards carbon particles, but they retard the 
return of normal granulopectic activity when administered after a blocking dose 
of carbon. This effect is greatly increased when the working dose contains shellac. 


Part of this study was made with the helpful collaboration of Dr. G. Mené 
of the Clinica Medica di Roma. The cortisone, used in these experiments was 
kindly supplied by Merck & Co. through the Institut National d’Hygiéne. 
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PARTIALLY degraded dextrans are used widely in treatment of shock as 
plasma volume expanders. The suitability of a levan preparation for this purpose 
is being studied in this laboratory. We have reported briefly that native prepara- 
tions of levan and dextran given intravenously powerfully promote an abdominal 
Salmonella infection in the mouse, and that in both instances the- infection- 
promoting activity (IPA) is lost when the saccharide is hydrolyzed partially 
(Shilo, Feingold and Hestrin, 1953). The present paper details experiments in 
which the IPA of preparations of levan and dextran of differing degree of poly- 
merization are evaluated. 


MATERIALS AND METHODS. 
Saccharides. 


Levan, prepared from sucrose by the action of Aerobacter levanicum (Hestrin, Avineri- 
Shapiro and Aschner, 1943), was purified by ethanol precipitation, care being taken to avoid 
degradation of polymer. The final product was a white powder : total fructose (determined 
according to Roe, Epstein and Goldstein (1949)) 111 per cent of dry wt.; reducing sugar 
after total hydrolysis (as fructose) 108 per cent of dry wt. ; moisture 5°47 per cent ; ash 0°24 
per cent ; nitrogen (Kjeldahl) 0°08 per cent. Its light-scattering showed the mol. wt. to be 
in the order 107-108 (Schramm, 1951). The reducing power estimated according to Nussen- 
baum and Hassid (1952) was 0-032 per cent of fructose. A high mol. wt. was also shown by 
the fact that centrifugation in a Servall super-centrifuge at 12,000 rev. per min. for 2 hr. led 
to total sedimentation of the levan in a dil. aqueous soln. 

The degraded levans were prepared from a partial acid hydrolysate (acetate buffer pH 
3°4 at 60° for 60 min.) by fractional precipitation with methanol. Fractions A, B and C 
were precipitated respectively at 0-55, 55-63, and 63-68 per cent of methanol (by vol.) and 
were finally purified by precipitation from aqueous soln. with excess ethanol. Reducing 
power was determined by the method of Somogyi (1945). 

Dextran, prepared from sucrose by the action of a strain of Leuconostoc mesenteroides 
kindly provided by Dr. E. J. Hehre was purified likewise by ethanol precipitation. Another 
dextran preparation “‘ Macrodex ” was kindly donated by Pharmacia Laboratories, Sweden. 
This preparation has been stated to have an average mol. wt. of approximately 34,000. 


Toxicity tests. 


Preparations of levan and dextran were dissolved in physiological saline at pH 7 and 
heated at 70° for 15 min. When these solutions containing up to 30 mg. polysaccharide 
were administered to standard wt. white mice (16-20 g.) of the laboratory stock, either 
intravenously or intraperitoneally, they produced no visible toxic aieingnan and the mor- 
tality (death/no. mice) was < 1/20. 


* Aided by a grant from the Moses Jacobson Memorial Research Scholarship in Medicine. 
9 
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Assay of IPA. 


Groups of 5 and frequently of 10 or more standard wt. mice were used at each tested dose 
level. A volume of 0+2—0°5 ml. of suitably diluted polysaccharide solution was heated and 
administered either through a tail vein or intraperitoneally. At the same time the mice 
received intraperitoneally in a vol. of 0°05 ml. a suitably diluted 24 hr. culture of Salm. 
typhi, strain O 901, grown in broth at 37°. In absence of polysaccharide, the LD, of the 
live culture was 0°5—0-7 ml., and that of the killed culture (1 hr. at 97°) was the equivalent 
of 50-100 ml. The culture contained approximately 2 x 10* bacteria/ml. Mortality 
counts on the mice were taken at 48 hr. after inoculation, the incidence of later death having 
been found to be negligible. 

IPA was measured in terms of (a) minimum weight of polysaccharide causing death in mice 
receiving what otherwise was a sublethal dose of culture, and (6b) minimum vol. of culture 
causing death in mice which had received a given dose of polysaccharide. 

An experiment summarized in Table I shows the way in which these two titration methods 
are related. This particular experiment was made with unusually large mice. However, 
similar relations have also been found using the standard wt. mice. The available data, 
admittedly preliminary, are consistent with the suggestion that within a wide range the 
LD, of polysaccharide is increased roughly 2-fold when the bacteria dose is lowered 10-fold. 
Since both methods of titration led to the same conclusions, only results obtained with the 
former method will be detailed. If not specially stated, the dose of bacteria employed was 
0°05 ml. culture fluid (0-1 intraperitoneal MLD). The mortality rates will be expressed 
throughout in fractional form, where the denominator specifies the total number of mice and 
the numerator the number of deaths. 


TaBLE I.—Influence of Levan Dosage on the Number of Bacteria Initiating a 
Lethal Infection. 


Levan and bacteria given intraperitoneally. Overweight mice (28-35 g.) 
were used. 


Mortality (mg. levan). 
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RESULTS, 


Influence of the Degree of Polymerization on the IPA of Polysaccharides 
Administered Intraperitoneally. 


Decrease of the mol. wt. by acid hydrolysis resulted in a rapid decline of the 
IPA of intraperitoneally administered levan (Table II). Native dextran, in 
contrast to levan, resisted hydrolysis when heated at pH 2 for 60 min. at 100°, 
and the IPA of the native dextran was not affected by this treatment. With 
0-05 ml. culture as the standard inoculum, the LD,, values (mg. polysaccharide) 
were found to be as follows: native levan, 1-3 (plot of the data on logarithmic 
probit paper gave 1-6); native dextran, 2-10; levan fraction A, 10-20; levan 
fraction B, 20-40; Macrodex, 30-50; levan fraction C, > 30. 

When equiviscous solutions of the polysaccharides were compared, a large 
variation in IPA was noted. For example, 1 per cent native levan and 2 per 
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cent levan fraction B were equiviscous solutions, yet the former killed 19/20 
mice infected with 0-05 ml. bacteria, whereas the latter solution was innocuous. 


TaBLE II.—Injfluence of Partial Hydrolysis on the IPA of Levan 
Administered Intraperitoneally. 
Mortality (mg. saccharide). 


Degree of hydrolysis R.* nt 0-6. 1-2, 2-5. 5. 10. 20. 30. 
0°0 per cent . 3000 . 1-38 . 0/10 3/10 16/20 19/20 15/15 5/5 5/5 
Te 6 Bey Se — — 2/5 4/5 4/5 5/5 
OF a: SSO, Se — — 1/5 2/5 4/5 5/5 
36. 1-14 a — oo 0/5 1/5 3/5 5/5 
Fraction A. - 610 . 1-46 2/10 2/10 8/10 10/10 
B 
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Hydrolysis of the levan was carried out at 60° in 0°005 N sodium acetate, pH 4°0. 
Fractions A, B and C were prepared as described under “ Materials and Methods.” 
Bacterial inoculum—0°05 ml. broth culture. 

* R is the quotient : total fructose /reducing power of polysaccharide expressed as fructose. 
+ Relative viscosity (H,O = 1) of 1 per cent (w/v) solution at 37°. 


IPA of Intravenously Administered Polysaccharides. 


Titrations of IPA of levan and dextran given by the intravenous route are 
presented in Table III. These polysaccharides had roughly the same IPA when 
administered intravenously as when administered intraperitoneally. Since the 
volume of blood exceeds that of the peritoneal exudate, this implies that the 
promoters are actually effective at a lower concentration in the blood than in the 
peritoneum. A solution of a commercial preparation of hog gastric mucin which 
had been found to be about as effective as native dextran when administered 
intraperitoneally showed no IPA when it was administered intravenously in doses 
up to 15 mg. Higher intravenous doses of the mucin proved toxic. Both levan 
fraction B and Macrodex given intravenously failed in a dosage of 30 mg. to 
manifest measurable IPA. 


TaBLE III.—IPA of Intravenously Administered Polysaccharides. 
Polysaccharide. Mortality (ml. bacteria), 
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It was of interest that although native levan given intravenously was a 
powerful promoter of the extravascular Salm. typhi infection, the peritoneal 
exudate of the mice receiving levan (15 mg.) intravenously contained no analy- 
tically detectable amount of fructoside (< 25ug.). The washings of the peri- 
toneal exudates were prepared 15, 30 and 120 min. after the injection of the 
‘levan. 


IPA of Mixtures of Levans. 


An experiment was carried out to test the effect of levan fraction B on the 
IPA of native levan. Although fraction B by itself possessed little IPA, its 
addition to the native levan markedly lowered the minimum amount of the latter 
which produced a lethal infection. The combined activities of these two levans 
are seen in Table IV to be synergistic rather than summative or competitive. 

Synergistic interaction between infection-enhancing substances has been 
described previously (Smith, Gallop and Stanley, 1952). In the present instance 
synergism is for the first time demonstrated between homologues. 


TaBLE IV.—Infection-promoting Activity of Mixture of Levans. 


Bacteria and levans were given intraperitoneally. 


Composition of levan Mortality 
mixture (mg.). (ml. bacteria). 
—_— OFT a 
Native. Fraction B. Total. 05. 0-005. 
7°5 7-5 ; i 0/5 
10-0 10-0 ‘ 0/10 
12-5 12-5 ‘ 0/10 
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DISCUSSION. 


Bacterial invasion of tissues has been found to be a contributory factor to 
the development of irreversibility in shock (Fine, Frank, Schweinburg, Jacob 
and Gordon, 1952). This circumstance aggravates the hazards entailed in the 
injection of an infection-promoting polysaccharide into the body. Fortunately, 
the IPA of dextran and levan disappears almost completely when the size of these 
molecules is reduced to the range of plasma albumin. Nevertheless it seems 
appropriate to recommend routine controls of the IPA of clinical dextran and 
levan preparations. Contamination with a high-polymer component can be 
suspected if a preparation shows a definite IPA. 
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It was suspected that the relatively low IPA of a partially hydrolysed poly- 
saccharide might be due to its relatively rapid excretion. Experiments to be 
detailed elsewhere have shown, however, that the lengths of stay of intraperi- 
toneally injected fraction B and native levan in the peritoneal exudate are not 
greatly different (approximate half-lives : 110 and 140 min.), and that more than 
50 per cent of both levan fraction C and native levan stay in the blood for more 
than 15 hr. These findings are in agreement with the view that IPA in neutral 
polysaccharides is specific to their macromolecular forms (Olitzki, Shelubsky 
and Hestrin, 1946). 

Between the IPA of the levans and the viscosity of the injected solutions no 
simple correlation is apparent. When a polymer solution is injected, a rapid 
resorption of the incidentally injected water can conceivably result in a rapid 
local increase of the viscosity to a level above that of the injected solution. The 
relation between viscosity and concentration is not linear in the range of high 
polymer concentration and moreover can vary within a homologue series. Thus 
IPA and viscosity as functions of polymerization degree are interdependent, 
but the relationship is not of a simple nature. 


SUMMARY. 


A native preparation of levan administered intravenously promoted peritoneal 
Salm. typhi infection in the mouse. A native dextran preparation was similarly 
active. 

The infection-promoting activity (IPA) was found to be of the same order 
when either of these polysaccharides was administered either intravenously or 


intraperitoneally. 

The reduction of the molecular size of levan or dextran by partial hydrolysis 
led to the rapid disappearance of the IPA. Preparations of levan and dextran 
in the size range of plasma albumin were practically devoid of any IPA. 

Degraded levan, itself practically devoid of IPA, enhanced the IPA shown by 
the native levan. 

It is suggested that a polysaccharide preparation intended for clinical use as 
a plasma volume expander should be examined as a routine for IPA. 
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NartIvE levan given to a mouse intravenously does not. enter the peritoneal 
cavity, yet promotes peritoneal Salmonella typhi infection (Shilo, Feingold and 
Hestrin, 1953; Hestrin, Shilo and Feingold, 1954). This suggests that the 
infection-promoting activity (IPA) of neutral polysaccharides, such as levan and 
dextran, is not due to an ability to envelop the bacteria in the peritoneal cavity 
with a protective viscous cover, nor to an ability to serve specifically in the peri- 
toneal cavity either as a bacterial nutrient or as an adsorbent of antibacterial 
substances. 

Two alternatives are apparent in relation to the infection-promoting reaction 
of these polysaccharides: (1) the infection-promoting reaction occurs extra- 
peritoneally where the bacteria and the polysaccharide can come into direct 
contact, or (2) the infection-promoting effect occurs intraperitoneally following 
an extraperitoneal interaction between host and polysaccharide. Experiments 
described below were undertaken in an attempt to discriminate between these 
main alternatives. 


MATERIALS AND METHODS. 
Animals, levan, bacteria. 
White mice (wt. 16-20 g.) of the laboratory stock were used. The levan preparation 


(native levan of Aerobacter levanicum), the strain of Salm. typhi O 901 (24-hr. broth culture), 
and the method of assay of IPA have been described previously (Hestrin e¢ al., 1954). 


Count of viable bacteria free in the peritoneal cavity. 

The abdomen of the infected mouse was opened and rinsed with 20 ml. physiological 
saline delivered in a thin moving jet. Serial dilutions of the wash were plated on nutrient 
agar. An aseptic technique was employed throughout. The colony counts were made on 
plates containing 50 to 500 colonies. 


Peritoneal lavage. 

Sindbjerg-Hansen (1943) has shown that peritoneal lavage can save the lives of mice 
infected intraperitoneally with a suspension of Escherichia coli in mucin. This technique 
was used in the present work as follows : the peritoneal cavity was rinsed with sterile physio- 
logical saline (25 ml.) delivered in a continuous stream from a burette through a syringe 
needle. A second syringe needle inserted into the abdomen served as a drainage cannula. 


Mortality rates 


Mortality rates are reported in fractional form, where the denominator specifies the total 
number of mice treated and the numerator the number of mice which died. 
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RESULTS. 
Influence of Time of Infection on IPA of Levan. 


As shown in Table I, responsiveness of the infected mice to levan declines in 
time, depending on the size of the inoculum. When the number of bacteria was 
critically low (0-005 ml. of culture or 0-01 MLD), responsiveness lasted not more 
than 2hr. It seems reasonable to consider that the decline in time of the respon- 
siveness to levan is associated with a progressive decline in the number of the 
viable bacteria present in the host. 


TaBLeE [.—IPA of Levan in Mice Infected Beforehand with Bacteria. 


The mice were inoculated intraperitoneally at 0 time and at the stated 
interval thereafter were given levan (10 mg.) intraperitoneally. 


Bacteria Mortality (levan given at hr.). 
A 





(ml. of (ao — 
culture). 0. 1. 2. 4, 6. 12. 


0:00; . 9/10 — 2165 Ws 0/5 
0-017 . 10/10 45 35 710 «M0 
0-050 . 10/10 4/5 4/5 5/10 6/10 0/5 


When mice infected intraperitoneally with a small number of bacteria (0-005 
ml.) were later given intraperitoneally bacteria (0-05 ml.) plus levan (5 mg.) at 
0, 13, 17 or 20 hr., they showed the following mortality: 10/10, 2/10, 0/5, and 
1/5 respectively. These results suggest that resistance to infection intervened 
about 13 hr. after the introduction of the initial non-lethal inoculum of bacteria. 
It can be assumed that the first non-lethal inoculum had produced an inflam- 
matory reaction. As earlier investigators have shown, mice with an inflamed 
peritoneum are likewise resistant to mucin-promoted infections (Oerskov, 1940 ; 
Ercoli, Lewis and Harker, 1945). 


TaBLE I].—Susceptibility to Infection of Mice at Intervals after 
Polysaccharide Administration. 


Polysaccharide was injected intravenously or intraperitoneally as shown, 
and 0°05 ml. culture was injected intraperitoneally at the intervals stated. 


Mortality. 


Native levan Native dextran Native levan 
intravenously intravenously intraperitoneally 
(mg.). (mg.) (mg.). 
Interval ——_~- —- — oa 
(hr.). 3-0. 5-0. 10-0. 10-0. 2-5. 5-0. 10-0. 
5/5 B/C ; 5/5 - 2 ese 9/10 
a ae ns . 0/6 4/5 5/5 
a he ae a ae 5/5 
shes? SY a ; : —- ee: ee 
eo... we .. 6/6 0/5 1/5 4/10 
a 4 5/5 : sah at 0/10 
wae eS : por ‘ ib a a 
= — 0/5 ‘ 2/5 ; _— _ 0/10 


* Mice in this group given a supplementary dose of levan (7 mg.) intraperitoneally at 16 hr. 
together with the infecting inoculum showed a high mortality rate (9/10). 





114 S. HESTRIN, M. SHILO, D. 8. FEINGOLD AND B. WOLMAN 


Susceptibility to Infection of Mice Treated Beforehand with Polysaccharide. 


Periods of time during which mice given native levan or native dextran 
remained susceptible to infection are shown in Table II. The duration of 
susceptibility is shown to depend on the polysaccharide dose. It may be noted 
that when the dose of levan administered intravenously was critically low (3 mg.) 
the induced susceptibility state lasted for only 2—4 hr. 

Although the IPA of native dextran was slightly below that of the native 
levan (Hestrin e¢ al., 1954), the dextran given intravenously maintained the state 
of susceptibility to infection for a somewhat longer time than did levan at the 
same level of dosage. 


Reversal of the Course of Levan-promoted Infection by Peritoneal Lavage. 


To determine how long the infection in a mouse remained localized at the site 
of inoculation, the time during which the infection could be reversed by peritoneal 
lavage was studied (Table III). It can be seen that peritoneal lavage up to 3 hr. 
after infection saved a high proportion of the mice, whereas lavage at a later time 
was relatively ineffective. 


TaBLE III.—Reversal of Levan-promoted Infection by Peritoneal Lavage. 
Mice were given 0-05 ml. of culture intraperitoneally and levan intra- 


peritoneally or intravenously as indicated. Peritoneal lavage was per- 
formed at time thereafter shown. 


Mortality. 
~ : oar ees * 





Levan. Lavage after infection at time (hr.). 


A .. 7 — 


a mm, No 
Route. Dose (mg.). lavage. ° h 1. 2. 3. 4. 6. 
Intraperitoneal 10 : 13/15 : 0/5 oa 3/14 1/4 4/5 
Intravenous 7-5 : 14/15 ; é 3 /1f 11/21 6/7 4/5 








Effect of Levan on Intravenously Produced Infection. 


The mice were more resistant to infection by the intravenous than by the 
intraperitoneal route. Moreover, the responsiveness of intravenously infected 
mice to intravenous levan was also relatively low. Thus, the MLD of the bacteria 
given intravenously was equivalent to approximately 5-0 ml. of broth culture, 
whereas the intraperitoneal MLD was 0-5 ml. Moreover, it was necessary to 
give the equivalent of up to 1-2 ml. of culture intravenously to cause lethal 
infection in mice given 6 mg. of levan by this route. 


Influence of Levan on Number of Bacteria in the Peritoneal Cavity. 


As is shown by the data presented in the Figure, an intravenous or intra- 
peritoneal injection of levan promptly caused an alteration in the number of 
viable bacteria which could be recovered from the peritoneal cavity of the infected 
host. In control animals which received no levan, two patterns of infection 
were observed : (a) there was an early rise of the intraperitoneal viable counts 
where the infecting dose had been in excess of 1 MLD, or (6) there was an 
exponential decrease of the counts where the infecting dose had been less than 
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2 . 4 . . 6 
Time after injection (hr.) 
FiGuRE.—lInfluence of levan on the intraperitoneal viable count. All mice were inoculated 
with culture intraperitoneally. 
A—A_ (1) No levan and 1:0 ml. culture (2 MLD). 
@—e (2) 20 mg. native levan intravenously and 0-005 ml. culture (0-01 MLD). 
A—A (3) 20 mg. native levan intraperitoneally and 0-005 ml. culture (0-01 MLD). 


O—O (4) No levan and 0-005 ml. culture (0-01 MLD). 
Continuous lines pass through the arithmetical means of the viable counts. 


1 MLD, A different picture was seen in the levan-treated mice given the smaller 
inoculum. In this case, the viable counts remained roughly at a constant level 
for 3 hr. and rose steeply after this. 


DISCUSSION, 


It is a reasonable assumption that the infection-promoting reaction elicited by 
levan occurs before the levan-induced state of susceptibility to infection has 
disappeared, and while there is still present in the host a sufficient number of 
bacteria. Accordingly it can be deduced from the observed minimum duration 
of susceptibility to infection in levan-treated mice (Table II) and from the 
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observed minimum duration of responsiveness to levan in infected mice (Table I) 
that the infection-promoting reaction is probably implemented before the fourth 
hour following the injection of levan. Furthermore, the efficacy of peritoneal 
lavage makes it likely that the infection up to this time is of a localized intra- 
peritoneal nature (Table III). The observed resistance of the mice to the 
production of’ infection by an intravenous route and the greater sensitivity 
towards levan which was displayed by intraperitoneally infected mice are like- 
wise in accord with the view that this infection produced intraperitoneally does 
not depend on systemic transfer of the bacteria, in any case in the early stages of 
the infection. 

It could be inferred from the foregoing that the effect of levan might prove 
demonstrable in an early departure from normal in the intraperitoneal viable 
count. As is shown in the Figure, levan in the bloodstream does in fact increase 
survival of bacteria in the peritoneal cavity, the effect becoming clear cut as 
early as the third or fourth hour after infection. Since the peritoneal exudate 
itself is free from levan, this effect must itself be secondary to some change which 
is rapidly and reversibly induced by levan acting extraperitoneally. 

It has been shown above that levan fails to manifest IPA in a mouse in which 
an inflammation of the peritoneum has been induced by prior injection of bacteria. 
In view of this finding and other features of the IPA of levan to which attention 
has been directed, the hypothesis deserves study that the IPA of an intravenously 
effective polysaccharide is associated with an ability to restrict the flow of a 
circulating antibacterial agent from the bloodstream into the peritoneal cavity 
(Shilo et al., 1953). This hypothetical antibacterial agent (or agents) could be 
of either a cellular or a non-cellular nature. In regard to the first possibility, it 
is of interest that native dextran given intravenously to a rabbit rapidly induces 
transient systemic leucopenia (Bennett, 1953). Furthermore, Miles and Niven 
(1950) in their work on enhancement of infection by shocking agents have shown 
how maintenance of leucocyte supply to an infected site even in the early hours 
of an infection can well play a decisive réle in deciding the final outcome. In 
regard to the second possibility, the findings of the Porton group on the subject 
of the mode of the infection-promoting action of mucin are of interest. These 
workers have isolated and identified a number of the infection-promoting poly- 
saccharides present in gastric mucin, and have shown that, whereas one of these 
has pronounced anticomplementary activity, several others, and similarly the 
neutral bacterial polysaccharide dextran, lack anticomplementary activity 
(Smith, Zwartouw, Gallop and Harris-Smith, 1953 ; Lambert and Richley, 1952 ; 
cf. also Olitzki, 1948; Sandage and Stark, 1949; Maccabe and King, 1951; 
Gale and Elberg, 1952). Therefore it seems unlikely that anticomplementary 
activity is the basis of the infection-promoting activity of polysaccharides as a 
class. 

Because of simplicity of constitution, good water solubility, homogeneous 
condition and ease of assay, levan appears to be better suited than mucin for 
study of the underlying mechanisms of the IPA of polysaccharides, and for 
miscellaneous other laboratory tasks involving production of experimental 
infections. Levan being effective intravenously, the intraperitoneal infection 
established with its aid could be tested for response to an antibiotic in the absence 
of an interfering viscous promoter at the infected site, while the early course of 
the infective process could be followed by counting the viable bacteria recovered 
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from the peritoneal cavity of the host during the early phases of the infection. 
Moreover it can be anticipated that this agent, effective when given intravenously, 
will exert IPA at a variety of vascularized sites. 


SUMMARY. 


Persistence of responsiveness towards levan in mice infected with Salm. typhi 
increased with the size of the inoculum. 

Persistence of susceptibility to infection in mice treated beforehand with 
levan increased with the dose of levan. 

Mice infected intraperitoneally were saved by peritoneal lavage at a time not 
later than about 3 hours after inoculation. 

When control mice were infected intraperitoneally with a non-lethal dose of 
the bacteria, the number of viable bacteria in the peritoneal cavity decreased 
exponentially. When levan-treated mice were infected similarly, the early decrease 
of the number of the viable bacteria in the peritoneal cavity did not occur. 

It is suggested that the effect of levan on the intraperitoneal survival of the 
pathogen is secondary to a rapidly induced and readily reversed extraperitoneal 
interaction between levan and the host. 
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Drxon, Talmage, Maurer and Deichmiller (1952), in an extensive series of 
experiments, have investigated the fate of 1*1I-labelled y-globulins in man and 
many animal species. Such experiments can only give the mean half-life of all 
proteins in the y-globulin fraction and do not necessarily correspond to the 
half-life of any particular antibody. To determine this a specific antibody 
would require to be isotopically labelled. Cohen (1951) has used 1%*I-labelling 
for determining antibody in antigen-antibody precipitates, but not in vivo. 
Campbell, Humphrey and Work (1953), and French workers (Gros, Dubert, 
Sung, Coursaget and Macheboeuf, 1952 ; Gros, Coursaget and Macheboeuf, 1952) 
have brought about antibody formation in rabbits while administering amino- 
acids labelled with 14C, °C or *S, and subsequently isolated labelled antibodies. 
Labelling of antibodies in this way is exceedingly expensive relative to the activity 
obtained, and proteins labelled with these isotopes are less readily followed than 
those labelled with ‘I. We have therefore examined the possibility of labelling 


small amounts of a specific antibody, rabbit anti-anthranil-azo-ox-pseudo- 
globulin, with '*'I and following its fate in vivo. Such labelling has been found 
to be simple and inexpensive, and our results support those found by Dixon 
et al. (1952) for whole y-globulin fractions in the rabbit. The transfer of antibody 
to the milk has been confirmed. 


METHODS. 


Preparation and Injection of Labelled Antibodies. 


Serum was separated from ox blood and fractionated to give the pseudoglobulin (Hauro- 
witz, Sarafian and Schwerin, 1951). This was coupled with diazotised anthranilic acid 
and the azopseudoglobulin used for immunisation of 12 rabbits (Haurowitz, 1936). When 
a high antibody titre was established, the rabbits were killed by exsanguination and the 
antibody isolated by precipitation with antigen. The antibody was separated from the 
antibody-antigen precipitate (Haurowitz and Tekman, 1946; Haurowitz, Tekman, Bilen 
and Schwerin, 1947) and the amount estimated by micro-Kjeldahl nitrogen determination. 
The antibody was then iodinated by the method of Talmage, Dixon, Bukantz and Dammin 
(1951), the quantities being adjusted so that the iodinated protein did not contain more 
than one atom of iodine per molecule of protein. In trial experiments with pseudoglobulin 
on the 100 mg. scale yields of 25-30 per cent were obtained on iodination. With the smaller 
amounts used in antibody labelling the yields were lower and variable. In a typical experi- 
ment 8-5 ml. of an antibody solution containing 456 mg. protein/100 ml. were treated with 
3-5 mC of 11[. The final volume of purified labelled antibody was 28 ml. and the activity 
14 uC/ml., corresponding to a vield of about 15 per cent based on labelled iodine (allowing 
for radioactive decay). The labelled antibody solution (2-5-3-0 mg. enedetbie! /kg. body wt.) 
was injected intravenously (ear vein) into rabbits. 


* Present address: Department of Biological and Medical Chemistry, abel of Istanbul, Turkey. 
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Preparation of Samples and Counting. 


Blood was withdrawn from the marginal vein of the ear by making a small incision 
and collecting 2 ml. blood in a graduated centrifuge tube containing 3 ml. distilled water. 
After haemolysis the blood was quantitatively transferred to a specimen bottle, the final 
volume being 10 ml. 

The iodine was determined by gamma counting. The specimen was placed in a “ Coro- 
net ’ (KE. R. D. Engineering Co., Slough), containing a ring of eight counters (G4Pb, 20th 
Century Electronics, Ltd., New Addington). This apparatus, designed by Veall and Baptiste 
(1954), has a normal background of about 40 counts/min., and is so built that changes in 
position or size of the sample within the sensitive volume cause no appreciable differences 
in the observed count. The sensitivity of the apparatus is approximately 11,700 counts/ 
min./uC 1842, Counts were made to a statistical accuracy of 3 per cent or better, and correc- 
tions were made for coincidence where appropriate. 

A 1 ml. sample of the injected antibody solution was diluted to 1 1. and a 10 ml. sample 
used as a reference standard. The standard was measured at the same time as each day’s 
specimens, and the ratio of specimen to standard calculated, thereby eliminating the radio- 
active decay factor. The value obtained was then corrected for the volume of blood pre- 
viously withdrawn. It was assumed for this calculation that there was a total blood volume 
of 100 ml., and that after withdrawal of a sample the original blood volume was restored 
before the next day’s withdrawal. The performance of the counter was checked by confirm- 
ing that successive counts of the standard lay on the expected radioactive decay curve, 
and also by periodical checks with a standard sample of uranium oxide. 


RESULTS AND DISCUSSION. 


In order to minimise disturbance in the blood as a result of repeated with- 
drawals, it was considered inadvisable to withdraw more than 2 ml. blood at 
a time. It was impracticable to precipitate the antibody quantitatively from 


this amount and the assumption, considered reasonable, was therefore made 
that the isotope activity of the whole blood sample was due to the labelled anti- 
body. Any free iodide derived from degradation of the antibody is likely to 
be taken up by the thyroid or excreted. It was found on dialysis of some of 
our samples that there was no significant change in activity. Iodine-labelling 
of proteins has the advantage over **S-, 4C- or 1°C-labelling that any labelled 
amino-acid set free on proteolysis is almost certainly not reincorporated as such 
in other proteins, but is either degraded or excreted. There remains the possibility 
of labelled circulating thyroglobulin, formed from iodide liberated on antibody 
degradation. It was felt that at least in the early stages this could not make 
more than a small contribution to the total activity. Other workers using 
labelled proteins have found the measurement of blood radioactivity to give an 
accurate measure of the labelled-protein concentration in the blood (e. g., Talmage 
et al., 1951; Knox and Endicott, 1950). The low level of iodination used has 
been shown (Eisen and Keston, 1944 ; Cohen, 1951) not to affect the precipitative 
properties of the antibody (cf. Campbell and Bulman, 1952) and the lifetime of 
such labelled antibody molecules can probably be taken as a reasonable approxi- 
mation to the lifetime of the non-iodinated antibody. 

Besides being an antibody the labelled protein also acts as an antigen. After 
injection there is an initial phase of rapid degradation, as has been noted by other 
workers (e.g., Haurowitz and Crampton, 1952; Berson, Yalow, Schreiber and 
Post, 1953). Soon after 24 hr. after injection the rate of disappearance of isotope 
from the blood becomes approximately constant. The results obtained with 
two rabbits followed for the longest period are given in the Figure. In one 





120 S. TEKMAN AND C. E. DALGLIESH 


case (observed values indicated by dots) the rate of disappearance of the blood 
radioactivity is approximately constant over the whole period of observation, as 
indicated by the line in the Figure, with a half-life of five days. It is considered 
that some of the deviations may be due to experimental error in measuring the 
volume of blood and in transfer to the counting vessel. In the other case (indic- 
ated by open circles) the rate of disappearance is less constant, the half-life 
changing from about 3} days to about 5} days. Six other rabbits followed for 
shorter (5 day) periods gave similar results. Dixon et al. (1952) found average 
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Ficure.—Blood radioactivity of two rabbits after injection of #1I-labelled antibody. Each rabbit 
(ca. 2 kg.) was intravenously injected (ear vein) with 5°5 mg. ™!I-labelled antibody containing 
56 uC 41I. The blood activities 24 hr. after injection, corresponding to the ratio 1-0 on the curves, 
were 3360 and 3210 counts/ min./2 ml. blood. 


half-lives of 4-6 and 5-7 days for 1*4I-labelled homologous y-globulin in two groups 
of rabbits. The good agreement between our results, those of Dixon et al., and 
half-life values for antibodies in rabbits obtained by other methods (data summa- 
rised by Dixon e al.) is taken to indicate that our measurements have in fact 
given us the half-life of an antibody in the blood, and therefore shows that the 
isotopic labelling of a specific antibody is not only practicable but simple. The 
method is, of course, subject to the usual limitations of !*'I-labelling of proteins, 
which have been well discussed by Berson e¢ al. (1953). 

We also examined briefly the transfer of antibody to the milk in lactating 
rabbits. Such transfer has been shown by Campbell e¢ al. (1953) using **S- 
methionine-labelled antibodies. We have confirmed that it occurs with the 





— lee ee 


ISOTOPIC LABELLING OF A SPECIFIC ANTIBODY 121 
antibody used in the present work, and also that antibody can pass to the cere- 
brospinal fluid (cf. Fishman, 1953). The work had to be discontinued before 
further observations could be made. 


SUMMARY. 


Labelling with I of a specific antibody available in small amounts has 
been investigated. Such labelling proved to be simple and inexpensive. 

The half-life of such a labelled antibody in rabbit blood supported published 
values found isotopically with whole y-globulin fractions and non-isotopically 
with specific antibodies. 


We thank Dr. J. E. 8. Bradley for valuable discussions. 
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In previous papers (Kay and Fildes, 1950; Fildes, Kay and Joklik, 1953; 
Fildes, 1953) it has been shown that a certain strain of Salm. typhi readily adsorbs 
bacteriophage in the absence of calcium, but does not undergo lysis and produce 
new phage. On the other hand if sufficient calcium is present when the phage and 
bacteria are mixed, lysis starts 25 minutes later and an average burst size of 
200-300 is rapidly attained. 

The present paper is mainly concerned with a study of calcium requirements 
of the phage hitherto employed when acting on other typhoid bacilli and with 
the calcium requirements of other phages active against typhoid bacilli. The 
strain of typhoid hitherto used was R4, a rough variant obtained from the origi- 
nally Vi-containing NCTC 3390. The phage used exclusively was “ Phage 2,” 
derived from a phage supplied to us by Brigadier J.S.K. Boyd. We are informed 
by Dr. Felix that this phage is indistinguishable from his standard anti-O phages, 

No.1, N02) No.3> 

J udging by the labour necessary to establish the relationship of calcium to 
phage production in one system, it would be impracticable actually to count the 
phages produced in several systems in the presence and absence of calcium, 
and therefore the information was sought indirectly, 7.e., by estimation of lysis 
under the two conditions by decrease in opacity. 

The detection of lysis depends upon adsorption of phages on a sufficient number 
of bacteria during the visible period of the log phase of growth. The experiment 
may start with a visible concentration of bacteria, say 2—4 x 107/ml. and the 
log phase of growth will continue for 3—5 hours according to the conditions. 
During this time the concentration of phages must be brought to at least equal 
that of the bacteria in order to obtain obvious lysis. The attainment of parity 
depends on (a) the rate of production of phage, (b) the initial bacterium /phage 
ratio, and (c) the rate of growth of the bacteria. If the ratio is about unity, the 
rate of phage production has little influence, but if the ratio is very high and the 
rate of phage production for any reason slow, the phages cannot attain parity 
with the bacteria and lysis will not be apparent. 


EXPERIMENTAL. 

Experiment 1.—The Effect of Calcium in Allowing Lysis of Salmonellas by Phage 2. 

The medium used for this experiment was that of Kay and Fildes (1950) with 
glucose reduced to one half and m/10,000 tryptophan and cystine added. A 
preparation of commercial peptone was also added in a concentration equiva- 
lent. to 0-05 per cent peptone. This had been decalcified in 50 per cent solution 
by adding phosphate and removing the precipitate produced by warming at 
pH 10. 
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The actively growing bacteria were diluted in this medium to give a very 
approximate concentration of 1 x 108/ml. according to a standard curve relating 
opacity to numbers of viable bacilli. This relationship, of course, only holds 
under standard conditions. In this work conditions varied and thus no reliance 
can be placed on numbers quoted, though they are comparable in experiments 
under the same conditions. 

The phage preparation had been made on a simple salt-glucose mixture plus 
calcium and it was decalcified by removal of phosphate precipitates at pH 10-0. 
The titre was 5 x 10!°/ml. It was diluted with the medium to 2 x 10*/ml. 
Bacteria (5 ml.) were added to each of two T-tubes containing 5 ml. of phage 
and one of them 0-25 ml. m/100 caicium. Thus the final concentrations of bacteria 
and phages were (say) 5 x 107 and 1 x 10*/ml. respectively. The T-tubes 
were rocked at 37° in water and Spekker readings taken from time to time. 

The following Salmonella strains, mostly supplied by Dr. A. Felix, were 
tested : 


Rough: R4, 68, Vil, HB3, A59. 
Smooth: 0-901, P. 
Vi: B309, Ty2. 


These strains were all susceptible to Phage 2 in patch tests. Fig. 1 illustrates 
the results obtained. It will be noted that rough strains underwent active 
lysis, but only in the presence of calcium. In smooth strains there was some 
delay or no lysis, but the delayed lysis was only with calcium. No lysis of Vi 
strains was seen with or without calcium. In view of the failure of Phage 2 
to lyse susceptible Vi strains even with calcium, the experiment was repeated 
with a much higher bacterium/phage ratio, namely 4/1, and with the addition 
of trypsin-digested meat to increase the phage yield. The meat preparation was 
decalcified by the method already mentioned. Fig. 2 shows that Ty2, a Vi strain, 
is lysed by Phage 2 under these conditions, but only in the presence of calcium. 

In these experiments all bacteria tested though susceptible to Phage 2, 
remained unlysed unless calcium was present. 


Experiment 2.—The Calcium Requirements of Various Phages Active on Strain R4. 


It is commonly agreed that the calcium requirement is a characteristic of 
the phage and not of the bacterium, but it is not yet certain whether the require- 
ment is confined to a few phages or is more generally important. 

The work of Andrewes and Elford (1932) and of Burnet (1933) on the effect of 
citrate in lysis is usually taken, probably correctly, as relating to calcium. Burnet 
in particular arranged coli and dysentery phages into groups of insensitive and 
variably sensitive. In the present paper the effect of calcium is shown directly 
in calcium-free media. 


The following phages were used : 
Phage 2, already referred to. 
Anti-O phages W4,W2end-WS-+Felix), A/0./,Me.2 V0. 3 
Phage 1, derived from the same phage as Phage 2, but entirely distinct. 
A high titre anti-Phage 2 serum has no action on Phage 1. 
Phage anti-R (A.59/68.R) (Felix). 
Coli phage T3. 
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Fic. 1.—The lytic effect of Phage 2 on nine susceptible Vi, smooth and rough Salmonella 
bacilli as affected by calcium. Phage present in both tubes. Calcium was added to one 
tube (+ points) before the phage and bacteria were mixed. 
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Fic, 2,—Lysis of the Vi strain Ty2 by Phage 2 in presence of calcium (+ points). 


The strain R4 is susceptible to all these phages and was used as the host organism. 

The bacterium /phage ratio was, as before, about 5,000/1. 
It is seen in Fig. 3 that Phage 1 and Phage 2 and Felix’s anti-O phages Wt /VO./ 

seer sia lysis of the rough R4, but only when calcium was added ; that 
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Fic. 3.—Lysis of the rough strain R4 by six active phages, four anti-O, one anti-R and coli 
phage T3 (Ca = + points). 
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under these conditions Felix’s anti-R phage failed to lyse even with calcium ; 
and that the coli phage T3 lysed strain R4 very rapidly whether calcium was added 
or not. Further investigation of the anti-R phage is referred to later. 


Experiment 3.—T he Calcium Requirement of a Vi Phage (Craigie Unadapted No. 1). 


The Vi phages do not react with the rough strain R4 and therefore the Vi 
strain Ty2 was used to test the requirement of a Vi phage for calcium. The 
medium used was that in which the organism Ty2 resisted lysis by Phage 2 in 
the presence of calcium. The initial concentration of bacteria was about 
2 x 107/ml. and of the phage about 2 x 105. Fig. 4 shows that lysis took place 
rapidly in the presence of calcium only. 
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Fic. 4.—Relation of calcium (+ points) to lysis of a Vi strain by unadapted Vi-phage I. 


Experiment 4.—The Use of Magnesium by Phage Anti-R. 


Experiment 2 in which Phage anti-R with m/4000 calcium failed to lyse strain 
R4 starting at a bacterium/phage ratio of 5000/1 was repeated with smaller 
ratios, but even at 8/1 and 6/1 m/4000 calcium failed to show lysis. The medium 
was then modified to contain only half the buffer concentration to allow an 
increased addition of calcium. It was then found that m/2500 calcium produced 
lysis. On the other hand m/1000 magnesium also caused lysis. 

Fig. 5 shows quantitatively the effect of magnesium on lysis of strain R4 
by Phage anti-R when the bacterium/phage ratio was about unity. Lysis took 
place at m/2000 magnesium but not at m/4000. 


Experiment 5.—The Use of Magnesium by Phage 2. 


Before the testing of Phage anti-R, lysis induced by magnesium had not been 
observed. Phage 2 was known to operate with strontium but not with magnesium. 
The case of magnesium is complicated by the fact that it is an essential growth 
factor and must therefore be present in a culture. It was normally added to 
m/12,000. The results with Phage anti-R suggested that increased concentrations 
of magnesium and lowered bacterium/phage ratios might show magnesium- 
activated lysis even with Phage 2. 





DIVALENT METALS AND PHASE LYSIS 


SPEKKER READINGS 


° 1 3 


Fic. 5.—Relation of magnesium to lysis of strain R4 by Phage anti-R. 
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Fic. 6.—Relation of calcium and magnesium to lysis of strain R4 by Phage 2. 
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In the experiment the medium contained m/24,000 magnesium and the 
bacterium/phage ratio was about unity. Further magnesium and calcium was 
added to give the concentrations shown in Fig. 6. It is clear that although 
there was no actual reduction in opacity, lysis balanced the growth when the 
magnesium concentration was M/500. 

It was thus necessary to admit that magnesium is able to activate lysis by 
Phage 2 to a slight extent, less than can strontium and much less than can calcium. 

Actual one-step growth experiments were carried out with Phage 2 and strain 
R4 comparing the effects of magnesium m/24,000 and m/500. Samples were 
taken from time to time and both the whole and the supernatant plated. 

With m/24,000 the sequence of events was as is always the case in the absence 
of calcium, t.e., rapid adsorption followed by inactivation continuing to the end 
of the experiment at 70 minutes. With m/500 magnesium the result was not 
significantly different up to 30 minutes, but then a burst occurred averaging about 
10 phages per cell. This is, of course, a very small average burst ; with calcium 
the figure, in 136 bursts observed, was 236. . 


CONCLUSIONS. 


Of 8 phages active on one or more typhoid bacilli, one coli phage, the large- 
plaque T3, caused lysis without calcium and with only traces of magnesium. 

Six small-plaque phages caused lysis most readily with calcium and traces 
of magnesium, but probably could operate to a small extent with high concen- 
trations of magnesium alone. 

With one phage, the large-plaque anti-R, magnesium was almost as effective 
as calcium. 


I am much indebted to Dr. A. Felix, not only for the supplies mentioned, 
but also for help and advice. I also acknowledge the assistance of my colleague 
Dr. D. Kay. 


REFERENCES. 


ANDREWES, C. H., AnD ELrorD, W. J.—(1932) Brit. J. exp. Path., 13, 13. 

Burnet, F. M.—(1933) J. Path. Bact., 37, 179. 

Firpes, P.—(1953) ‘ Factors Affecting the Multiplication of Bacteriophage.’ Symp. 
Nutrition and Growth Factors. Rome (Istituto Superiore di Sanita) p. 184.* 

Idem, Kay, D., anp Joxuik, W. K.—(1953) ‘ Divalent Metals in Phage Production.’ 
2nd Symp. Soc. gen. Microbiol., Oxford, 1952. Cambridge (University Press) 
p. 194. 

Kay, D., anp Fitpzs, P.—(1950) Brit. J. exp. Path., 31, 338. 


* (To appear in Proc. VI, Congr. int. Microbiol., Rome, 1953, in press). 








CO ww ee et i kt le 


oo, 4 ms. fA —™ & 


o> = RS =" 


> D- = © «43 © ® 


THE BASIS OF VIRULENCE IN PASTEURELLA PESTIS: 
ATTEMPTS TO INDUCE MUTATION FROM AVIRULENCE 
TO VIRULENCE. 


T. W. BURROWS anp G. A. BACON. 


From the Microbiological Research Department, Ministry of Supply, 
Porton, Wilts. 


Received for publication, December 28, 1953. 


Or organisms pathogenic for higher animals, Pasteurella pestis is unique in 
that its optimum temperature for growth on laboratory media is 28° (Sokhey 
and Habbu, 1943). This temperature is considerably lower than that of its 
mammalian hosts and probably closely approaches that of the arthropod alterna- 
tive host in its normal habitat. In considering the evolution of the virulent 
plague organism the significance of this relatively low optimum temperature must 
be assessed, and it is pertinent to ask to what extent does a temperature similar 
to that required for maximal growth rate assist an organism in pathogenesis ? 
Presumably the answer to this question will largely depend on the mechanism 
by which the pathogen overcomes the defensive systems of the host. For some 
pathogens multiplication at a maximum rate may be of prime importance in 
establishing disease whilst for others this may be relatively unimportant. 

The synthetic ability of P. pestis at 28° is known to be greater than at 37°, 
as evidenced by its simpler nutritional requirements at the lower temperature 
(Hills and Spurr, 1951), and we have confirmed this observation. On first thoughts 
one would expect that in the course of the evolution of plague in higher animals 
an organism would have evolved in which the most perfect balance of metabolic 
systems was attained at 37°. However, providing those growth factors which 
cannot be synthesised by the organism from simpler components are freely 
available at the higher temperature, no selective pressure may be exerted against 
it in favour of organisms capable of their synthesis. It need not necessarily 
appear incongruous, therefore, that a pathogen of warm-blooded animals should 
have an optimum temperature for growth and maximum synthetic ability at 
28°. In fact, it may very well be that interference in the synthesis of particular 
metabolites by supra-optimal temperatures may contribute to the ability of 
the organism to survive in the mammalian host and to establish a disease process. 

If it is assumed that every property retained during the evolution of an 
organism has a certain survival value, the question then arises as to the value 
conferred by retention of synthetic systems functional at 28° but inoperative at 
37°. It is feasible to assume that animal pathogens originated from free-living 
ancestral types, with or without the intermediate establishment of a commensal 
relationship. In the evolution of virulent P. pestis, as we now know it, it is 
tempting to suggest that parasitism of the flea by an organism well equipped for 
survival and multiplication at 28° was an initial step in this process and by muta- 
tion, or other change, forms arose which were capable of infecting mammals. 
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If this is so, do existing avirulent laboratory strains represent reversion to the 
hypothetical flea commensal type from which virulent cells may be reproduced, 
and if so, what is the nature of the change resulting in virulence ? 

Since the recognition of P. pestis as the causative agent of plague in rodents 
and man, several investigations of possible factors determining virulence in this 
organism have been made. Apart from the claim made by Rockenmacher 
(1949) that virulent strains show significantly greater catalase activity than do 
avirulent strains, so far as we are aware no investigator has established a criterion 
based on cultural, morphological, serological, nutritional or other demonstrable 
in vitro property whereby the two types, virulent and avirulent, may be 
differentiated with certainty. 

The ability of a strain of P. pestis to elaborate a well-defined capsule or envelope 
is insufficient to confer virulence by itself, certain avirulent strains having been 
shown to produce abundant capsule material serologically identical with, and of 
comparable protective power to, that derived from fully virulent strains (Amies, 
1951). 

We have tried to induce mutation of an avirulent strain of this organism to 
the virulent form, partly because of the evolutionary and epidemiological interest 
of this possibility and partly to obtain virulent and avirulent strains, as geno- 
typically identical as possible, for use in investigating the basis of virulence in 
P. pestis. The results of these attempts are recorded in this paper. 


EXPERIMENTAL. 


The classical strain ‘“Tjiwidej’’ smooth described by Otten (1936) and extensively used as 
live vaccine in human plague prophylaxis was selected as the parent avirulent organism. 
This strain, which for convenience we have called TS throughout, was originally obtained from 
a plague rat at Tjiwidej in Netherlands East Indies. After rat passage followed by four 
months’ storage in deep serum stab culture the strain was found to be avirulent. 

The average lethal dose of TS for mice (Porton strain, 18-22 g.) within a 7-day observation 
period, following intraperitoneal injection of organisms suspended in 0-2 ml. phosphate buffer 
pH 7-4, was approximately 150 million cells. Under the same conditions fully virulent 
laboratory strains of P. pestis have an A.L.D. in the range of 5-100 cells. This large difference 
in the A.L.D. of typical virulent and avirulent strains theoretically should permit the selection 
of one virulent cell when accompanying ca. 10 million avirulent cells, using the mouse as a 
selective medium. Unfortunately for our purpose, however, a given small number of virulent 
cells (strain 337) was found to be less virulent when in the presence of large numbers (1 x 107) 
of avirulent organisms than when injected alone. This loss of virulence of accompanied 
virulent cells in terms of the A.L.D. was approximately 10-fold, lowering the theoretical 
efficiency of the selection method correspondingly. 

The parent culture TS was repeatedly purified by single colony selection and maintained 
in the dry state. Suspensions prepared from 16-hr. growths on tryptic meat agar (T.M.A.) 
incubated at 37° and containing 1 x 10° avirulent parent cells per ml. in phosphate buffer 
were subjected to X- or ultraviolet radiation under the conditions described in a previous 
paper (Bacon, Burrows and Yates, 1950). irradiated samples after storage for 24 hr. at 5° on 
T.M.A., were incubated for 16 hr. at 37° and the resulting organisms injected intraperitoneally 
into 20-50 mice (1 x 107 cells per mouse.) The animals were observed for a minimum 
period of 7 days and those dying examined for the presence of plague organisms by micro- 
scopical and cultural observation of spleen smears, peritoneal and thoracic fluids. 

Where cultures of P. pestis were recovered from these animals, the virulence of the 
recovered strains was tested by intraperitoneal injection of 1 x 107 organisms into each of 
20 mice. Failure to kill test animals at this level showed that the recovered organisms were 
not virulent mutants. From 70 experiments using TS as parent, 23 strains were recovered 
and tested in this manner. They were designated MP] ... MP23. 
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RESULTS. 
Isolation of strain MP6. 


With one exception the recovered strains MP1 to 23 were avirulent and 
presumably represented the residues of the injected suspensions. The exception 
was strain MP6. Its virulence was comparable with that of the virulent laboratory 
strain 337 and was retained unimpaired through 20 daily subcultures on T.M.A. 
at 37°. The question immediately arose whether this was in fact a virulent 
mutant or an accidental contamination with the virulent strain 337. 
Unfortunately, the identity of behaviour of the three strains TS, 337 and MP6 
in all in vitro tests applied to them (with the exception of infrared absorption 
spectrometry referred to later) makes this question unanswerable. It is, however, 
difficult to visualise how accidental contamination with a virulent laboratory 
strain could occur particularly since the greatest care is taken when manipulating 
virulent plague bacilli to avoid any possibility of aerosol production or contamina- 
tion of any materials or apparatus. The mistaken use of a virulent whole culture, 
wrongly labelled, would be a more likely, though still very remote possibility. In 
the experiment yielding MP6 this possibility was excluded by testing for virulence 
40 isolated colonies derived by plating the final suspension used for infecting the 
50 mice. All proved avirulent indicating the proportion of virulent to avirulent 
cells to have been less than 1 to 40 and that a virulent culture had not been 
employed. Reconstruction experiments recorded in Table I suggest that the 
probable ratio of virulent to avirulent cells in this suspension was in the range 
1: 1000 to 1: 10,000, which is not dissimilar to the frequency with which the 
biochemical mutants listed in Table II occurred in similarly irradiated suspensions. 


TaBLE I.—Reconstruction Experiment Suggesting Probable Ratio of Virulent to 
Avirulent Cells in X-irradiated Suspension Yielding Strain MP6 


Total 
intraperitoneal Total deaths on days 
dose. after injection. 
Mice (Carninci, —————— 
injected. MP6. TS. ee Ae ee ee ae D 


Experiment yielding MP6. , 50 i ? + 10’ “ 14 28 37 44 46 
{ 50 ; 108 + 107. 3 13 30 38 40 


Reconstruction experiment 50 10 + 10? 24 35 45 50 50 


Isolation of biochemical mutants. 


The desirability of labelling our parent strain with some property serving to 
differentiate it from strain 337 (the only virulent strain then being handled) 
became obvious. Accordingly biochemical mutants of strain TS and of the 
avirulent strain ‘““Soemedang”’ were selected using a modified minimal supplement 
selection technique similar to that employed in the selection of biochemical 
mutants of Salmonella typhi (Bacon et al., 1950). As modified for use with 
P. pestis the minimal agar employed had the same composition as used for Salm. 
typhi, plus haemin 40um and phenylalanine, cystine, methionine, glycine, valine 
and isoleucine each to 100 ym final concentration. While not essential for growth 
at 28° the last three amino acids are very stimulatory and improve the reliability 
of this synthetic agar as a plating medium. (Since these mutants were selected 





132 T. W. BURROWS AND G. A. BACON 


we have found that the addition of sodium bisulphite at a final concentration of 
0°02 per cent greatly improves growth on minimal agar and yields parent colonies 
of more uniform size, aiding the recognition of small mutant colonies). X-rays 
were used as the mutagenic'agent and the minimal supplemented plates were 
incubated for 4 days at 28° (the optimum temperature for growth of P. pestis), 
prior to selecting small nutritionally limited mutant colonies. The mutants 
obtained from 4 experiments are listed in Table IT. 


TaBLE Il.—Nutritionally Deficient Mutants of Avirulent Strains of P. pestis. 


Frequencies of mutant to parent 
colonies on minimal supplement 
Parent. Mutant. Growth Factor. agar. 


TS ; ; Tryptophan . : 32,450 
“ ; R Adenine : 6,000 
Arginine 5 : 7,800 


iss Soemedang ” : 10,000 


. ‘ . Nicotinamide. : 63,000 


From previous studies with Salm. typhi (Bacon et al., 1951) the adenine- 
requiring strain T3 was known to be unsuited as parent for further attempts at 
the selection of virulent mutants. From a total of 122 trials using the other 
nutritionally deficient mutants listed in Table II as parents, no virulent mutants 
were recovered. 

Evidently if mutation from avirulence to virulence in P. pestis is possible 
it is a very rare event. The possibility was considered that two distinct mutations 
were involved which would result in such a low frequency and that the strains 
MP 1-23, with the exception of MP6, may represent organisms in which one of 
the hypothetical double mutations had occurred facilitating their survival in 
the host. In 41 experiments using the strain MP22 as parent organism, no virulent 
mutants were recovered. Similarly the repeated irradiation of strain TS with 
intervening mouse passage between irradiation treatments (4 in all) also failed to 
yield a virulent form. 


DISCUSSION. 


In the absence of evidence which clearly indicates strain MP6 to have been 
derived from strain TS, no claim can be made that mutation from the avirulent 
to the virulent state in P. pestis has been observed. The failure of numerous 
attempts to recover virulent cells from irradiated avirulent strains carrying 
nutritional markers would make such a claim very questionable. This work has 
been recorded, however, to describe the origin of strain MP6 which we have used 
as the virulent representative in comparative experiments with the avirulent 
strain TS, in an attempt to identify factors determining virulence in this organism. 
Our results will be reported later. 

Although we are not able to differentiate the strains TS, 337 and MP6 by the 
conventional laboratory criteria, the infrared absorption spectra of these three 
strains, using material grown and harvested under as nearly identical conditions 
as possible, are clearly distinguishable. MP6 is thus an addition to the list of 
P. pestis strains which can be differentiated by their characteristic spectra. As 
the technique of bacterial infrared spectrometry is still in its infancy, it is not 
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at present certain how much significance can be attached to such spectra in 
deciding the identity or otherwise of strains under examination. Nevertheless 
the evidence as it stands suggests that MP6 and 337 are not identical strains, 
which is indirect evidence for, but not proof of, the derivation of MP6 from the 
avirulent TS. 

Whereas in this paper we have shown that mutation from avirulence to 
virulence occurs, if at all, with very low frequency, the reverse mutation can occur 
readily (Jawetz and Meyer, 1943; Burgess, 1930). It is unknown whether 
mutation from avirulence to virulence involves gain or loss of synthetic ability. 
From the work of Engelsberg (1952) it is apparent that P. pestis can mutate to 
give forms with increased synthetic powers, e.g., becoming independent of 
exogenously supplied methionine. We have confirmed this observation with the 
strains TS, MP6 and 337, all of which appear to mutate to methionine indepen- 
dence at comparable rates. Similarly, these three strains mutate spontaneously 
to be independent of the stimulatory effects of glycine and valine + isoleucine, 
without which the parent organisms grow very slowly on synthetic agar at 28°. 
It is possible, however, that these mutations are not true gains but reflect the 
loss of synthetic systems whose products inhibit methionine or other syntheses. 


SUMMARY, 


The hypothesis that virulent plague organisms have evolved from avirulent 
strains by mutation, or other change, and that existing avirulent laboratory strains 
represent reverse mutation, was tested by attempting to bring about artificial 
mutation of an avirulent strain ‘“‘Tjiwidej” to the virulent form, using X-rays as 
mutagenic agent and the mouse as a selective medium. From 237 trials one 
virulent strain was isolated, but cannot be proved beyond doubt to have arisen 
by mutation of the avirulent parent. Using nutritionally marked avirulent 
parents, no virulent organisms were recovered. The isolation of these bio- 
chemical mutants, with requirements for tryptophan, arginine, nicotinamide and 
adenine respectively, is described. 
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WHILE certain avirulent strains of Pasteurella pestis can readily be differen- 
tiated from typical virulent strains by their lack of capsular antigen, there exist 
other avirulent strains of this organism which in all in vitro properties appear 
identical with fully virulent organisms. This type of avirulent strain is actively 
immunogenic in mice and yields protective antisera in rabbits quantitatively 
and qualitatively similar to those obtained using killed virulent organisms. 
Numerous workers have failed to demonstrate by serological methods any anti- 
genic differences between virulent and protective avirulent strains using either 
whole organisms or antigen fractions (Wats, Wagle and Puduval, 1939 ; Schiitze, 
1939 ; Jawetz and Meyer, 1943 ; Baker, Sommer, Foster, Meyer and Meyer, 1947 ; 
Amies, 1951). Seal (1951), however, has reported that antigen A when derived from 
virulent organisms shows a distinctive absorption in the 228-353 band when 
examined in the ultraviolet absorption spectrometer, which is not shown by 
antigen derived from avirulent strains. 

Similarly in comparative nutritional studies in vitro (Rao, 1939; Hills and 
Spurr, 1952) no differences in requirements for amino acids or growth factors 
were shown’ between virulent or protective avirulent organisms. This is in 
contrast to an analogous situation observed by us, where serologically identical 
virulent and avirulent strains of Salmonella typhi were observed to differ in nutri- 
tional requirements in a manner which satisfactorily explained the loss of virulence 
in the avirulent strains (Bacon, Burrows and Yates, 1951). 

Previous work having failed to disclose the mechanism determining virulence 
in P. pestis, we decided to compare in vivo the behaviour of virulent and avirulent 
strains. Accordingly observations have been made on the behaviour of repre- 
sentative strains of the two types following intraperitoneal injection into the 
mouse. Special emphasis has been laid on the response of the phagocytic system 
to the injected organisms. 


MATERIALS AND METHODS. 
Strains and suspensions. 

Strain TS (“« Tjiwidej ’’ smooth described by Otten, 1936) a representative protective aviru- 
lent P. pestis, and a fully virulent strain MP6, whose origin is described in a previous paper 
(Burrows and Bacon, 1954), were used. They were maintained as dried cultures prepared 
by the method of Stamp (1947). From these several peptone-haemin (40 ym final concen- 
tration haemin) agar slopes were prepared each month, incubated for 24 hr. at 28°, the 
optimum temperature for growth (Sokhey and Habbu, 1943), and stored at 2°. Growth 
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from these stock cultures was used to inoculate tryptic meat agar (T.M.A.) slopes which were 
then incubated for 18 hr. at 37°, the optimum temperature for capsule production (Schiitze, 
1932). Suspensions were prepared from these in phosphate buffer pH 7-4. 


Phagocytosis. 

In all experiments involving observation of phagocytosis im vivo and in determining the 
comparative rates of elimination of injected organisms, white cells were mobilised to the 
peritoneal cavity by injecting 1 ml. of 2 per cent (w/v) wheat starch in normal saline 16 hr. 
prior to the injection of organisms. White mice (Porton strain) of 18-22 g. were employed 
throughout. 

Smears of peritoneal exudates were fixed with methyl] alcohol and stained by Leishman’s 
method. 


Viable counts. 


Free, 7.e., uningested, organisms in the peritoneal cavity were counted by rinsing the 
cavity with a known volume of cold sterile citrated saline (0-4 per cent Na citrate w/v), 
centrifuging the product at 500 r.p.m. for 5 min. to deposit white cells with ingested organisms, 
and determining the viable count of the supernatant by the method of Miles and Misra (1938). 
For all viable counts T.M.A. containing 5 per cent peptic sheep’s blood was used (Herbert, 
1949). 


EXPERIMENTAL AND RESULTS. 


In vivo phagocytosis of agar-grown organisms. 

Initial observations were made on the response of the polymorphonuclear 
defence mechanism to the intraperitoneal injection of virulent and avirulent cells. 
Into 2 series of mice 500 million virulent or avirulent cells, contained in 0-2 ml. 
phosphate buffer, were injected intraperitoneally. At intervals over a period 
of 5 hr. pairs of mice from each series were sacrificed, smears prepared of the 
peritoneal exudate, fixed and stained, and the number of ingested cells per 100 
polymorphonuclear cells together with the percentage of polymorphs containing 
ingested organisms was determined. At the time of injection of organisms the 
total number of white cells free in the peritoneal cavity was ca. 15 millions of 
which 70 per cent were polymorphs. Five hours later ca. 18 million white cells 
were present of which 95 per cent were polymorphs, in both series. 

Fig. 1 illustrates the results of five such experiments, each plot being the mean 
of 10 observations. 

From 18-hr. growths at 37° on T.M.A. slopes both strains were observed to 
be equally rapidly and abundantly ingested by the polymorphs in the first 30 
min. after injection. With the avirulent strain this high rate was maintained 
until the number of free organisms had been reduced to a low level, after which 
the rate of phagocytosis declined. With the virulent strain, however, the initial 
high rate of ingestion was not maintained but progressively declined to become 
zero within ca. 5 hr. Throughout this period of decline the uningested organisms 
were abundant and were apparently multiplying freely. In both series those 
cells which had been ingested became swollen, poorly staining and eventually 
unrecognisable as plague organisms. Apparent multiplication of ingested 
virulent cells within mouse polymorphs was not seen. 

Viable counts of peritoneal washings made at intervals after the injection of 
known numbers of the two strains gave results shown in Fig. 2. Both were at 
first eliminated at a high rate. The avirulent cells continued to be eliminated at 
the initial high rate resulting in few survivors by the fourth hour, whereas the 
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rate of elimination of virulent cells soon decreased and the survivors multiplied 
freely. 

From such experiments it was concluded that a fundamental difference between 
the two types was the ability of virulent cells to resist phagocytosis by the host 
after a short period in vivo, whereas avirulent cells were unable to do so. A 
difference of this nature may well account largely for the widely differing average 
lethal dose for mice of the two types. 


g ingested organisms 


Organisms ingested per 100 polymorphs 


to 
S= 


= 
— 
& 
S 
S 
oO 
= 
a. 
i 
S 
E 
= 
=} 
2. 
i 
= 
> 
Co 
5 
i 


= 
~ 
a 


Hours after injection 


Fic. 1.—Phagocytosis of agar-grown virulent and avirulent cells in the mouse peritoneal 
cavity. 5 xX 10® cells MP6 (virulent) or TS (avirulent) harvested from 18-hr. growths at 
37° on TMA and injected I.P. in 0-2 ml. buffer. Each plot the mean of 10 determinations in 
5 experiments. 


In vivo phagocytosis of in vivo-grown organisms. 

When virulent cells were recovered from the mouse after 5 hr. in the peritoneal 
cavity, that is at a time when they were no longer being ingested, and were injected 
intraperitoneally into normal mice, they remained uningested by normal mouse 
polymorphs. Similarly, if centrifuged free from mouse peritoneal fluid and 
re-suspended in buffer before injection into normal mice they were capable of 
resisting phagocytosis. A typical experiment is illustrated in Fig. 3. Avirulent 
organisms harvested from moribund animals were readily taken up by the poly- 
morphs of normal mice either when injected in phosphate buffer or when suspended 
in the cell-free fluid derived from mice moribund from virulent infection. 

These observations suggest that virulent organisms as harvested from the 
mouse are either in a phagocytosis-resistant state through alteration in structure, 





ae jt eae 6 lhl Cee 


THE BASIS OF VIRULENCE IN P. PESTIS 137 


or that there is no lag in the production of antiopsonic or antiphagocytic factors 
on transfer to normal mice. Avirulent cells at no time appear capable of resisting 
phagocytosis. In peritoneal smears taken from mice moribund from virulent 
infection it is rare to see a single cell of the immense number present ingested by 
a polymorph, whereas when a mouse is moribund from a sufficiently large dose of 
avirulent cells, nearly every polymorph visible is crowded to capacity with ingested 
organisms. 
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Fic. 2.—Elimination of virulent and avirulent cells from the mouse peritoneal cavity. 5 x 108 
cells injected I.P. in 0-2 ml. buffer. Peritoneal cavities rinsed with | ml. cold citrated saline 
at times shown, centrifuged 500 r.p.m. 5 min. and viable counts of supernatants determined. 
Means of quadruplicate determinations. 


Repeated washing of mouse-harvested virulent cells (six times washed in 
phosphate buffer) removes their ability to resist phagocytosis on transfer to 
normal animals. 


Phagocytosis in secondary infections. 

If mice, 4 hours after the injection of large numbers of virulent organisms 
are injected with a second dose of agar-grown virulent cells, this second dose is 
found not to be phagocytosed to any marked extent, unlike the initially injected 
organisms. A second dose of agar-grown avirulent cells is likewise found to 
remain poorly ingested. Similarly, Staphylococcus albus, which is ingested with 
great avidity by polymorphs of normal mice, is poorly ingested by those of mice 
with a virulent plague infection. These observations lead to the conclusion that 
virulent plague cells, in sufficient numbers, can impair the phagocytic efficiency 
of mouse polymorphs. A typical experiment is illustrated in Fig. 4. 
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Fic. 3.—Resistance of in vivo-grown virulent cells to phagocytosis by normal mouse poly- 
morphs. 2-5 x 10* TMA-grown organisms injected in 0-5 ml. buffer into each of 16 mice 
at 0 hr. Pairs sacrificed over period 0-4 hr. for phagocytosis of agar-grown cells. 
Peritoneal cavities of remaining 8 mice each rinsed with 0-5 ml. buffer at 4 hr., pooled, spun 
at 500 r.p.m. 5 min. and adjusted to 5 x 10® organisms per ml. Of this suspension 0-5 ml. 
was injected into each of 6 mice (= unwashed). The remainder was spun hard, supernatant 
completely removed and organisms re-suspended in buffer to 5 x 10° organisms perml. Of 
this suspension 0-5 ml. was injected into each of 6 mice (= washed x 1). Means of duplicate 
determinations. 
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Fic. 4,—Phagocytosis of secondary infections. Primary and secondary infection 2-5 x 10° 
organisms in 0-5 ml. buffer I.P. 
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Normal mouse polymorphs injected into mice 5 hr. after virulent infection are 
incapable of ingesting the organisms present in the peritoneum during a 1} hr. 
observation period, suggesting that alteration of organisms to a non-phago- 
cytosable condition is primarily responsible for the absence of phagocytosis at 
this stage. Alternatively it would have to be postulated that the inactivation 
of the injected normal polymorphs is almost instantaneous. 

In support of the former conclusion it is found that when agar-grown virulent 
cells are injected into normal mice accompanied by a large number of mouse- 
harvested (phagocytosis-resistant) virulent cells, the presence of the latter does 
not materially affect the degree of ingestion of the agar-grown organisms by 
normal mouse polymorphs (Table). 


TaBLE.—Failure of in vivo-Grown Virulent Cells to Protect in vitro-Grown Cells 
from Phagocytosis by Normal Mouse Polymorphs. 
Phagecytosis.f 
Polymorphs 
with ingested 


Organisms per organisms Means 
Injected organisms. Mouse no. _100 polymorphs. (per cent). (per cent). 


: 189 56 
MP6 ex agar i 
300 millions (A) } : a 2 } . 216:61 


15 ll 
13 10 
20 17 


220 56 
170 53 . 220: 59 
267 68 


MP6 ex mice* ij 
300 millions (B) 


(A)+(B) }: 


* Harvested from 6 mice 5 hr. after injection of 500 million agar-grown cells. 
{ Films prepared 4 hr. after injection. 


1 
2 
3 
4 
5 
6 
7 
8 
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Elimination of purine-dependent mutants of the virulent and avirulent strains. 


Mutant M1 derived from MP6 by methods previously described (Burrows and 
Bacon, 1954) required the addition of guanine, xanthine or hypoxanthine before 
it would grow in a basal medium capable of supporting MP6. This mutant is 
unable to utilise adenine. From the avirulent parent TS a mutant specifically 
responding to adenine was similarly derived—mutant T3. As was found to be 
the case with purine-requiring mutants of Salm. typhi (Bacon, Burrows and Yates, 
1951) M1 does not retain the high virulence of MP6, the average lethal dose for 
normal mice of this mutant being similar to that of TS. However, a single 
injection of 4 mg. hypoxanthine into the test animals increases the virulence of 
M1 over 1000-fold in terms of the A.L.D., demonstrating loss of virulence to be 
attributable to growth factor deficiency in vivo. T3 retains the low virulence of 
its parent even in the presence of injected growth factor. 

The two strains M1 and T3 apart from their mutation to purine dependence 
represent the virulent and avirulent genotypes respectively, although in normal 
mice the virulence of M1 is restrained by growth factor deficiency. It was antici- 
pated that there would be a striking difference in the rate of elimination of these 
two strains from the mouse peritoneal cavity during the 4 hr. following infection, 
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but this was found not to be so. Thus cells possessing the genotype of the virulent 
strain do not, as harvested from T.M.A., differ from genotypically avirulent 
strains in being able to enter a phagocytosis-resistant state as a result of simple 
incubation in vivo. Mutant T3 can be distinguished readily from its parent TS, 
and from any other of the strains used by us, by its smaller colony size on T.M.A. 
Addition of adenine to this medium removes this distinction, indicating a deficiency 
of adenine therein. The ratio of T3 to any other strain in mixed suspensions 
plated on T.M.A. can thus easily be determined. 
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Fic. 5.—Elimination of purine-dependent mutants M1 and T3, in presence and absence of 
specific growth factor for Ml. 5 x 107’ M1 cells and 5 x 10’ T3 cells contained in 0-5 ml. 
buffer injected I.P. Hypoxanthine 0-5 mg. in 0-1 ml. buffer I.P. Peritoneal cavities rinsed 
with 1 ml. cold citrated saline at times shown, centrifuged 500 r.p.m. 5 min. and viable counts 
of supernatants determined. M1 and T3 differentiated in mixed suspensions by their colony 
size on T.M.A. Means of duplicate determinations. 


When mixed suspensions of approximately equal numbers of T3 and M1 cells 
are injected intraperitoneally into mice the ratio of the two types at any time 
thereafter over a 6-hr. observation period remains practically unaltered ; that 
is M1 in the absence of injected growth factor is eliminated at the same high rate 
as T3 and shows no evidence of resistance to phagocytosis. In pure infection 
with mutant M1 this high rate of elimination is at once reduced on injecting 
small quantities of hypoxanthine (0-5 mg. in 0-1 ml. buffer per mouse), the mutant 
in the presence of its growth factor behaving in the same manner in vivo as its 
purine-independent parent MP6 (cf. Fig. 2). Hypoxanthine at this level has 
no detectable effect on the rate of elimination of T3 in pure infection. In mixed 
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infection with M1 + T3 the injection of hypoxanthine besides reducing the rate 
of elimination of M1 similarly reduces that of T3. This we interpret as evidence , 
of an adverse effect on the phagocytic mechanism by actively metabolising, and 
therefore virulent, M1 organisms. The results are illustrated in Fig. 5. Replace- 
ment of hypoxanthine by adenine (which acts as growth factor for T3 but not for 
M1) in the above mixed infection does not affect the rate of elimination of either 
strain. It must be concluded therefore that whatever the mechanism of develop- 
ment of resistance to phagocytosis active metabolism of the virulent cell is 
involved. 

M1 cells grown in vivo in the presence of injected hypoxanthine give the same 
picture of development of resistance to phagocytosis as shown by the virulent 
parent MP6 whose behaviour is illustrated in Fig. 1. If the development of 
resistance involves alteration in the structure of the organism, M1 cells harvested 
after growth as above in vivo would be expected to resist phagocytosis on transfer 
to normal mice where purines are of limited availability. This we found to be the 
case. However, this evidence is at present inconclusive, since we have no evidence 
on the persistence of the resistant state once it is induced, neither do we know 
whether or not M1 cells harvested as above do or do not contain a reserve of 
purines permitting residual metabolism on transfer to a purine-deficient medium. 
Thorough washing of such cells is precluded in view of its adverse effect on the 
resistance of in vivo-grown MP6 cells. 


DISCUSSION. 


It is appreciated that the methods of investigation used in this study bear 
little relation to the natural pathogenesis of plague. However, the use of large 


numbers of injected organisms is unavoidable in experiments designed to study 
phagocytosis in vivo when the method involves visual estimation of the phagocytic 
response in stained preparations. As all experiments reported were of a strictly 
comparative nature and have brought useful facts to light, the use of large numbers 
of organisms appears justified. 

In this study we have confined our attention to the polymorph defence 
mechanism primarily because the reaction of these cells towards injected virulent 
and avirulent organisms differs in such a clear cut and obvious manner and because 
such cells form 70—95 per cent of the total white cells in mouse peritoneal exudate. 
We agree with the observations of Jawetz and Meyer (1944) that monocytes are 
somewhat more actively phagocytic than polymorphs towards plague cells but 
in view of their rapid replacement by polymorphs in our type of experiment, 
their réle in defence against experimental plague has not been so closely studied. 

There is general agreement among workers on experimental plague that 
phagocytosis plays a primary réle in defence against infection (Markl, 1903 ; 
Rowland, 1912; Jawetz and Meyer, 1944; Bhatnagar and Shrivastava, 1946). 
The cell-free plasma from even hyperimmune animals possesses little bactericidal 
action against virulent or avirulent P. pestis (Strong, 1907; Jawetz and Meyer, 
1944), 

From 18-hour growths at 37° on tryptic meat agar we have demonstrated that 
virulent and avirulent strains do not differ in behaviour towards the polymorph 
defence mechanism. Since the ability to overcome the primary defence 
mechanism is most likely fundamental for the manifestation of virulence in an 
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acutely pathogenic organism, it is understandable that in comparative studies 
in vitro, employing virulent and avirulent cells harvested from such media, no 
apparent difference in their properties which would account for their difference 
in virulence has been detected. Following a short period in vivo, however, 
virulent cells are in some manner able to resist ingestion by polymorphs whereas 
avirulent cells are unable to do so, even after prolonged periods. 

For the development of resistance, active metabolism of the virulent cell in 
vivo is apparently essential, in view of the differing behaviour of strain M1 in the 
absence and presence of its specific growth factor. As determined by viable 
counts of free organisms in the peritoneal washings the adenine-dependent strain 
T3 is found in mixed infections to be eliminated at a comparable rate to that of 
TS over a 6-hour period. It is not certain whether this observation shows that 
strain TS is incapable of multiplication over this period, and thus failure to 
metabolise actively prevents development of a phagocytosis-resistant state, or 
whether the 10,000-fold reduction in the bacterial numbers by phagocytosis 
and other mechanisms, effectively masks any multiplication of the organism. 
From a sufficiently large dose TS is definitely capable of growth in vivo, since in 
mice moribund from the intraperitoneal injection of 1 x 10® cells more than 
40 x 108 organisms can be recovered. 

We conclude that virulent cells during active metabolism in vivo can elaborate 
a substance or substances rendering them immune to ingestion by mouse poly- 
morphs. It appears that this immunity results from modification of the bacterial 
cell and from some inhibitory action on polymorphs. The failure of the host’s 
primary defence mechanism to overcome virulent cells permits the multiplication 
of a small number of injected virulent organisms to a level which is toxic. For this 
level to develop from infection with avirulent organisms, which are unable to 
resist this defence mechanism, sufficiently large numbers of cells must initially be 
injected to saturate it effectively and permit surviving organisms to acmouaed 
unimpeded. 

Two lines of investigation are suggested by this work. Firstly, to try to 
identify the factors existing in the in vivo environment which permit the 
development of resistance to phagocytosis by virulent cells, and secondly to 
determine the mechanism whereby resistance is achieved by them in the presence 
of these factors. Experiments in vitro designed along these lines are in progress. 


SUMMARY. 


Virulent and avirulent cells harvested after 18 hours from tryptic meat agar 
incubated at 37°, are initially equally sensitive to the polymorphonuclear defence 
mechanism of the mouse. After a short period in vivo virulent cells have the power 
to resist phagocytosis whereas avirulent cells have not. It appears that resistance 
to phagocytosis of virulent cells results in part from an alteration in their constitu- 
tion and in part from inhibition of the polymorphs. The use of nutritional mutants 
shows that active metabolism in vivo of virulent cells is necessary to permit the 
development of resistance to phagocytosis. 


The continued interest and advice of Dr. D. W. Henderson, and the excellent 
assistance of Miss B. Alkins and Miss C. Denham are again gratefully acknowledged. 
Publication is by permission of the Chief Scientist, Ministry of Supply. 
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It has long been known that an extracellular protective antigen is produced 
when Bacillus anthracis is grown in vivo. Bail (1904) demonstrated the 
immunising action of filtrates of oedema fluid from infected animals, and this 
was confirmed by Staub and Grabar (1944) and Cromartie, Watson, Bloom and 
Heckly (1947). Both tried to purify the antigen, but the task proved difficult 
because of other proteins and polysaccharides in oedema fluid ; the preparations 
obtained were not homogeneous. 

The nutritional factors and growth conditions necessary for the elaboration of 
protective antigen in vitro are not well understood, but they are certainly distinct 
from the factors necessary for growth, since in media in which excellent growth 
occurs antigen is frequently not produced. 

The first successful production of protective antigen in vitro was reported by 
Gladstone (1946) who obtained it by growing the organism under defined conditions 
in media containing plasma or serum. He showed that it was a thermolabile, 
extracellular substance, present in culture filtrates and not in the bacterial cells. 
The factors in serum necessary for antigen production appeared to be bicarbonate 
and the albumin fraction, and it was later found possible to produce antigen in 
broth containing bicarbonate and purified bovine serum albumin (Gladstone, 
1948). These media provide the most potent in vitro sources of antigen, but the 
actual quantity of antigen in the filtrates is small compared with the amount of 
serum proteins, and isolation of the pure antigen is difficult. For work on the 
chemical nature of the antigen, media free from high molecular weight materials 
is to be preferred. 

More recently Wright, Hedberg and Slein (1954) obtained consistent, if 
relatively small, yields of protective antigen in a synthetic medium without 
protein or other macro-molecules. This medium was based on the synthetic 
medium of Brewer, McCullough, Mills, Roessler, Herbst and Howe (1946) and 
contained 17 amino acids, adenine, guanine, uracil, thiamine, KH,PO,, K,HPO,, 
CaCl,, MgSO,, MnSO,, FeSO,, Na HCO,, glucose and glutamine. After growth 
of a non-proteolytic virulent strain of B. anthracis for 20 hr. the culture was 
filtered through sintered glass, and the filtrate lyophilised. The resulting powder 
was re-constituted in water and used as a protective vaccine given in 5 subcuta- 
neous doses. The antigen could be precipitated with alum, and only 2 doses of 
this were required. 

The work described in this paper was undertaken to find the conditions 
necessary to increase the amount of antigen per ml. of filtrate, and a method for 
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large scale production so that purification and analytical studies could be carried 
out ; it was commenced on the basis of Wright’s medium. As it seemed preferable 
to use a protein hydrolysate rather than synthetic amino acids, the first modification 
was the use of an acid casein hydrolysate with certain amino acids. It was found 
that the method of preparation of the hydrolysate was important since HCl 
hydrolysis of commercial casein followed by neutralisation and decolourisation 
with charcoal did not provide a preparation suitable for antigen production, 
even with amino acid additions. A satisfactory product was obtained by hydro- 
lysing casein after alcohol extraction and successive solution in NaOH, followed 
by acid precipitation as described by Barton-Wright (1944). The hydrolysate was 
lyophilised, its a NH,-N content found and a weight equivalent to 70 mg. a 
NH,-N was added to every 250 ml. of final medium. It was necessary to add 
tryptophan, and better antigen yields were obtained if glycine and cystine were 
also added. Excellent results were obtained using commercial preparations such 
as Ashe vitamin-free casein hydrolysate or Difco, casamino acids, and the latter 
has been adopted by us since the former is no longer obtainable. 

The second modification was the use of yeast extract to supply nucleic acid 
components and thiamine. This was prepared as described by Gladstone and 
Fildes (1940) and contained approximately 0-1 per cent total nitrogen, 1-3 per 
cent total solids which gave 40-50 per cent ash. About 80 per cent of the solids 
were dialysable through a cellophan sac and the non-dialysable material contained 
yeast nucleic acid and a mannan among other things. The dialysable material 
allowed the production of some antigen but the whole yeast extract was necessary 
for good yields. To every 250 ml. of final medium 3 ml. of a typical yeast extract 
was added. The other constituents were as defined by Brewer and used in the 
concentrations described by Wright. 

A third modification was the addition of charcoal, since when a highly activated 
wood charcoal was included in the medium in optimum quantities, the potency 
of the final filtrate was increased. The amount of growth and the final pH were 
unaffected. The charcoal appears to adsorb and remove some inhibitory substance 
which is produced by the organisms during growth. When the charcoal was 
added to the basal medium, shaken up frequently for 1 hr. at 37° and then 
removed by filtration before or after autoclaving, the potency of the filtrate 
after growth was equivalent to that from non-charcoal medium, but if sterile 
charcoal was added aseptically to the autoclaved basal medium and left there 
during incubation the increase in potency was obtained. For convenience it was 
usual to add it to the basal medium before autoclaving. 


EXPERIMENTAL. 
Inoculum. 


Two strains of B. anthracis were used, the virulent non-proteolytic strain N.P.A., a 
mutant from ‘‘ Vollum ” isolated after exposure to ultraviolet light (Wright, Hedberg and 
Feinberg, 1951) and the avirulent ‘“‘ Weybridge.” This strain was isolated by Sterne (1937) 
and used by the Ministry of Agriculture and Fisheries as a living spore vaccine. 

The inoculum consisted of a washed and heated spore suspension, 1 x 10® spores being 
added to 500 ml. of medium. 

The parent strains were dried in small tubes (Stamp, 1947) and stored over phosphorus 
pentoxide. A fresh stock of concentrated spore suspension was prepared every 3 to 4 months 
by suspending the contents of a tube of dried spores in 1 ml. of warm tryptic digest broth 
and subculturing into broth, transferring to agar slopes and incubating overnight at 37°. 
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The cultures were washed off with 5 ml. sterile distilled water per slope and used to inoculate 
C.C.Y. (Gladstone and Fildes, 1940) agar in 8 oz. medical flats. These were incubated for 
2 days at 37° to obtain maximum sporulation. The spores were washed off with 25 ml. 
distilled water per medical flat, pooled, washed 4 times in ice-cold distilled water, re-suspended 
to approximately one-tenth the original volume, heated to 60° for 90 min. and the viable 
count estimated. The count was usually between 1 x 10!° and 5 x 10!° spores per ml. 
The concentrated spores were stored at 2°. The viability was checked frequently and 
remained constant. The stock spore suspension was diluted as required for the inoculation 
of medium. 

Virulence checks were carried out on every batch of concentrated “‘ Weybridge ”’ spores 
produced. Mice in groups of 10 were given spores intraperitoneally in 0-1 ml. ranging from 
108—10° per mouse in 10-fold concentrations. The mice were kept for 14 days. No anthrax 
deaths occurred during this time in the test mice but all controls given 10° spores of a virulent 
strain were dead by the fourth day. 


Medium. 


The water used in making the medium was distilled and then passed through a column 
of Amberlite Monobed resin M.B. 1, (analytical grade) obtained from British Drug Houses 
Ltd. Inorganic salts and glucose were “ Analar ” grade; amino acids and growth factors 
were British Drug Houses laboratory reagents. 

Six stock solutions, A, BI, BII, C, D and E were prepared. A, BI, BII and C may be 
kept for long periods in the cold but D and E are not stable and were prepared within twenty- 
four hours of use. 

Solution A contained Difco casamino acids, 90 g.; glycine, 0-375 g.; L-tryptophan, 
1-3 g.; L-cystine, 0-3 g. 

The tryptophan was dissolved separately by stirring in 10 ml. N-HCl and adding more 
acid in 1 ml. volumes as required. The cystine was mixed with 3 ml. H,O and concentrated 
HCl added drop by drop with stirring until it had dissolved. These two solutions were 
added to the casein and glycine dissolved in water and the volume made up to11. The pH 
was approximately 5-1. 

Solution BI, for use in casein-synthetic medium, contained CaCl, 6H,O, 0-5512 g.; 
MgSO, 7H,O, 0-25 g.; adenine, 0-07 g. ; guanine, 0-075 g.; uracil, 0-07 g.; thiamine, 
0-:0025 g. The guanine was made into a paste with 20 drops of concentrated HCl and water 
added until it dissolved. The other solids were dissolved separately in water and mixed 
with it in the order given. The resulting solution was diluted to 11. The pH was 3-2 to 
3-3. 

Solution BII, for use in casein-yeast medium, contained CaCl, 6H,O, 0-5512 g.; MgSO, 
7H,O, 0-25 g.; yeast extract, 300 ml.; made up to 11. Although the required volume of 
yeast extract is not critical it will need to be adjusted if the total nitrogen is considerably 
more or less than 0-1 per cent. 

Solution C contained KH, PO,, 34-0 g. ; KOH, 5 per cent (w/v), 160-0 ml. The phosphate 
was dissolved in approximately 800 ml. water and the hydroxide solution added until the 
pH was 6-8. The volume was made up to 1 I. 

Solution D contained NaHCO,, 25 g.; D-glucose, 10 g.; glutamine, 0-01 g. The solids 
were dissolved in water and the volume made up to 900 ml. The solution was sterilised by 
filtration. 

Solution E contained FeSO, 7H,O, 2-78 g.; MnSO, 4H,O, 0-0223 g. The ferrous 
sulphate was dissolved in 200 ml. water containing 0-3 ml. concentrated HCl, mixed with 
the manganese sulphate dissolved in water and the volume made up to 400 ml. The solution 
was sterilised by filtration. Finally 0-1 ml. of a concentrated spore suspension was added 
aseptically so that 10 ml. contained 1 x 10® spores. 


Charcoal. 


The charcoal used was a fine highly activated wood type conforming to the following 
specifications : Code No. N. 182, retained on 325 mesh screen, 1-9 per cent; maximum 
particle diameter, 65 1 ; diameter of bulk of particles, 20-40 u ; specific gravity, 0-331. 

The optimum quantity required was found to be within reasonably fine limits and when 
excess was used all of the antigen was lost due to the adsorption of both it and inhibitor. 
The amount required of the batch used was 0-2 to 0-1 per cent (w/v). Decreasing amounts 
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down to 0-02 per cent were still partially effective but no protection was obtained with cultures 
containing 1 per cent. 

Undoubtedly the optimum quantity will vary with each batch of charcoal, depending 
on its adsorptive power. The amount required of another batch of similar charcoal was 
approximately one-half to one-quarter of the above figures. 


Basal medium. 


This was prepared in Thompson bottles (approximately 27 x 15 x 8 cm., obtained from 
United Glass Bottle Co. Ltd.) by adding 20 ml. of solutions A, BI or BIT and C to 385 ml. water 
in each bottle. For charcoal-casein medium the optimum amount of charcoal was added and 
the bottles plugged with cotton wool. They were sterilised by heating in flowing steam for 
1 hr. and autoclaving for 20 min. at 5 Ib./sq. in. followed by 20 min. at 15 Ib./sq. in. The 
pH of the basal medium after sterilisation was 6-9. The bottles were stored at 2° until 
required. 


Final medium. 
To complete the medium, 45 ml. of solution D and 10 ml. of solution E (containing spore 
inoculum) were added aseptically to each Thompson bottle giving a final volume of 500 


ml. The addition of E produced a colloidal opalescence which was desirable for antigen 
production : the pH of the medium was 7-4 to 7-5. 


Cultures. 


The Thompson bottles were incubated lying flat for 22 hr. at 37°, affording a layer of 
medium 17-20 mm. in depth. The optimum incubation time was between 18 and 36 hr. ; 
with longer incubation the potency fell. A convenient time for production of the antigen 
was approximately 22 hr. and this was adopted as standard. 

The pH of the cultures after incubation was 7-3 to 7-4. The opacity of cultures grown in 
the synthetic medium or the casein-synthetic medium was 3 to 4 by Brown’s opacity tubes. 
The opacity of cultures grown in charcoal-casein medium could not be determined owing to 
interference by charcoal. 

After incubation the cultures were pooled, centrifuged and filtered in the cold. 


Filtration. 


Various types of filter were tried for sterilising the culture supernatant. Seitz asbestos 
pads and Berkefeld filters were shown to adsorb and retain the antigen. For experimental 
work sintered glass bacteriological grade filters, average porosity 1-6u, were used, but for 
large scale production millipore filter discs (Lovell Chemical Co., Mass., U.S.A.) fitted into 
a modified compound glass Seitz filter were used. 

The supernatant from cultures inoculated with the virulent N.P.A. strain filtered slowly 
owing to the presence of polyglutamic acid from capsular material which increased the 
viscosity of the fluid. The avirulent ‘‘ Weybridge”’ strain, being devoid of capsules, filtered 
considerably faster and required much less negative pressure. 


Concentration of the antigen. 


Two methods were used for concentration and storage of the antigen, lyophilisation and 
alum precipitation. 

Lyophilisation.—The sterile filtrate was freeze-dried in 3 lb. (1-35 kg.) Kilner jars each 
containing 200 ml. of filtrate. The weight of the resultant dry powder was approximately 
1 g. from 200 ml. of synthetic medium and 1:3 g. from the casein-synthetic or charcoal- 
casein media filtrates. The material was very hygroscopic and was stored in a desiccator 
over phosphorus pentoxide. 

Alum precipitation—The antigen was precipitated from the filtrate by the addition of 
0-1 per cent aluminium potassium sulphate (Wright et al., 1954). The pH was adjusted to 
5-9 with n-HCl and the mixture left to settle overnight at 2°. The alum settled to approxi- 
mately one-tenth of the original volume and the clear supernatant was aseptically removed. 
After standing for a further few days at 2° the alum sedimented to less than half the volume. 
Al! the clear supernatant was again removed and the volume of alum adjusted with distilled 
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water to one-twentieth that of the original filtrate. Merthiolate 1/5000 was added as a 
preservative. Stored at 2°. 


Preparation of vaccines. 

In the absence of an in vitro test for estimating potency an active immunisation test was 
used. Rabbits of heterogeneous strains weighing between 4-5 and 5-5 Ib. (2-2-5 kg.) each were 
used in groups of 4 or 10. Rhesus monkeys weighing between 8 and 12 Ib. (3-6—5-4 kg.) each 
were used in groups of 10. 

Two methods of immunisation were used. 

(1) The lyophilised powder was reconstituted in distilled water to a concentration 
equivalent to that of the original filtrate. The weight of the freeze-dried powder from the syn- 
thetic medium was 5 mg. per ml. and that from the casein-synthetic 6-5 mg. per ml. Five 
doses of 0-5 ml. each at 2-day intervals were given subcutaneously. The animals were 
challenged 7 days after the last dose of vaccine. 

(2) Alum-precipitated antigen was diluted in physiological saline to a concentration 
equivalent to that of the original filtrate or less. Two injections of 1-25 ml. were given at 
10-day intervals. The animals were challenged 7 days after the last injection. 

To avoid interference from the possible development of local immunity, all vaccines were 
given subcutaneously into the left flank of the animal and the challenge dose of spores 
intradermally into the right flank. 


Challenge dose. 

The average lethal dose for rabbits of the M. 36 strain of B. anthracis used for challenge 
is 2 spores or less. The challenge dose was 500 spores or approximately 250 A.L.D.; this 
invariably killed all controls by the fourth day. Immunised animals were observed for 14 
days. 

Monkeys were challenged by the inhalation route. The L.Nt. 50 (Druett, Henderson, 
Packman and Peacock, 1953) of the M. 36 strain is approximately 4 x 10‘ spores/litre cloud. 
The estimated number of spores inhaled by each monkey was between 4 x 105 and 6 x 10°. 
Controls given no vaccine were usually dead by the 6th day ; surviving test animals were 
retained for 12 months. 


RESULTS. 
Potency of the antigen. 
The animal protection obtained after the appropriate course of vaccines, 
prepared from the various media filtrates and followed by the standard challenge, 
are detailed in Table I, II and ITI. 


TaBLE I.—The Potency of Re-constituted Lyophilised Filtrates of Various Media 
after the Growth of the N.P.A. and “‘ Weybridge’’ Strains of B. anthracis when 
Tested in Rabbits. 


Medium. Synthetic. Casein-synthetic. Casein-yeast. 
. ee 
Strain. N.P.A. “* Weybridge.” “ Weybridge.” “* Weybridge.” 
" ceammtemmeee El oomermeatime eas cer i haypeuasicci Sa 
Total volume 
of filtrate 
per rabbit 
(ml.) - 12-5 2-5 12-5 2-5. ° 2°6: 2525 0-6... 2-5. 1-85. 0-5 
Rabbits — sur- 
viving ee 6 107 a 79 30 16 si ae 16 
Rabbits in 
test . . 21 13.112 126 ., 2 79 31 41 ‘an 15 


Vaccines given in 5 doses at 2-day intervals. All control animals died. 
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TaBLE II.—The Potency of Alum Precipitates from Filtrates of Various Media 
after the Growth of the ““Weybridge’”’ Strain of B. anthracis when Tested in Rabbits. 


Medium. Synthetic. Casein-synthetic. Casein-yeast. Charcoal-casein. 
pre. 
Total volume 
of filtrate 
per rabbit 
(ml.) 126 869-6. OB... 245 1-25: O8.. 2:6 13°25 0-6... 0-5 0-17 0-1 


Rabbits sur- 
viving . 13 . 10 10 ae 19 12 . 86 52 


Rabbits in 
test . 13 12 i2 s 0 10 5 3 19 20 « 86 


Vaccines given in 2 doses at 10-day intervals. All control animals died. 


TaBLE III.—The Potency of Reconstituted Lyophilised Growth Filtrate and Alum 
Precipitates of Growth Filtrates after the Growth of ‘Weybridge’ Strain when 
Tested in Monkeys. 


Medium. Synthetic. Casein-yeast. 
Type of vaccine. Lyophilised powder. Alum ppt. 
oe Sa a 
Total volume of filtrate per 


monkey (m1.) ‘ P 12-5 2:5 *5 1-25 0-5 


2 
Monkeys surviving . , 10 t) : 9 7 6 
9 


Monkeys in test : . 10 10 9 10 


All control animals died. 


Toxicity tests. 


Two forms of toxicity tests have been carried out in guinea-pigs and rabbits 
with alum-precipitated antigen. 

Intradermal test—The thorax and abdomen of three guinea-pigs and three 
albino rabbits were shaved. At six selected points 0-25 ml. of the following 
were given intradermally :—alum-precipitated antigen 20-fold concentration ; 
alum-precipitated antigen 5-fold concentration; alum-precipitated antigen 
equivalent to filtrate ; alum-precipitated antigen 1/5 of the equivalent of filtrate ; 
alum-precipitated antigen 1/25 of the equivalent of filtrate, and as a control 0-25 
ml. of physiological saline. 

These animals were observed daily for 4 weeks; at no time was any erythema 
or other reaction observed. The “ button” of alum remained in the tissue 
throughout. 

General toxicity test—A solution (5 ml.) containing 5 times the concentration 
of alum-precipitated antigen contained in the original test material was given 
subcutaneously into the left flank of each of 6 guinea-pigs and 6 rabbits. Observa- 
tions were made daily for 4 weeks. These animals remained healthy. 


Large scale production of the antigen. 


To facilitate the study of the chemical nature of the antigen, the production 
rate was increased to 1000 1. of culture medium per week. Cultures were grown 
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in Thompson bottles in charcoal-casein medium for 22 hr. at 37°, and after incuba- 
tion, were syphoned into 20 1. glass containers and clarified by passing through a 
Sharples centrifuge at 30,000 r.p.m. The supernatant was collected in large 
stainless steel tanks. 

Using a positive pressure of approximately 4 lb. per sq. in. the supernatant 
was filtered through a modified compound glass Seitz filter containing ten 14 
cm. millipore filter discs. The filtration system was completely closed and 230 1. 
were filtered in 5 hr. The filtrate contained in twenty-three 10 1. aspirators was 
precipitated with alum (0-1 per cent final concentration of alum) at pH 5-9 and 
stored at 2° as a 20-fold concentrate. 

Aliquots of alum-precipitated antigen taken from samples of filtrate collected 
at the beginning, middle and end of the filtration process were pooled and tested 
for antigenicity. The results are shown in Table IV. 


TaBLE IV.—The Potency of Alum Precipitate of Filtrate after the Growth of the 
“* Weybridge ”’ Strain of B. anthracis when Produced on a Large Scale. 


Total volume of filtrate per rabbit (ml.) . - DS 27. Oe 
Rabbits surviving ‘ : : ~ 2» 7 2 
Rabbits in test . . : ’ " . 10 12 12 


All control animals died. 


Production of protective antibodies in the horse. 


Hyper-immune serum prepared by injecting animals with cultures of B. 
anthracis of increasing virulence can be shown to afford passive protection in 
rabbits. Gladstone (1946) demonstrated protective action in serum prepared 
against concentrated antigen produced in vitro, but the potency was of a low 
order. Alum-precipitated antigen, as described in the present paper, has been 
used to immunise horses, and the potency of the serum produced was at least 
equal to that of one kindly supplied by Dr. Stableforth from Weybridge (details 
will be published later). This latter serum had been prepared by hyper-immuni- 
sation of the horse with a living spore vaccine. A comparison of the efficiency 
of the two types of serum is given in Table V. 


TaBLE V.—The Result of Passive Immunity Tests in Rabbits. Immune Horse 
Serum Given Intravenously and Animals Challenged Intracutaneously 24 
Hours later with Approximately 250 A.L.D. of Spores. 


Horses. 


——_SJ 
Amount of serum (ml.) 5. 27. 28. ** Weybridge ” 
serum. 
10. : ; 3/4 4/4 , 4/4 
Bic ‘ ; 1/4 3/4 é 1/4 
er : ; 14 0/4 O/4 : 0/4 
Normal serum : ; -_- — : ws 
Nil = , - —_- — ‘ “— 


Numerator denotes survivors. 
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DISCUSSION. 


Adherence to Pasteurian methods for the prophylaxis of anthrax has been 
dictated by the fact that no alternative was known. A sterile non-toxic product 
would have advantages, and this would be particularly true if the material could 
be produced in bulk in a semi-synthetic medium from a non-virulent strain. 
Apart from its probable usefulness at least in veterinary medicine, the study of 
the chemical nature of the antigen involved would be greatly facilitated. The 
work described has been directed to this end. No comparison has been made of 
the relative effectiveness of the well-known spore vaccine with the culture filtrate, 
because it has not seemed possible to devise a test that would give any quanti- 
tative estimate of difference in potency. However, the injection of alum- 
precipitated culture filtrate in two doses gives solid protection against anthrax in 
rabbits challenged by the intradermal route, and in monkeys challenged by the 
respiratory route. A lasting immunity seems to develop ; monkeys re-challenged 
by the respiratory route twelve months after immunisation show no evidence of 
a lower resistance. Furthermore, the material is apparently completely non-toxic. 

The advantages of the product for the chemical study of protective antigenic 
materials have been borne out by experiment, and the results are recorded in 
the following paper (Strange and Belton, 1954). However, many of the factors 
controlling the production of this material by culture in vitro remain unknown, 
and are likely to do so until fundamental studies of the metabolic behaviour of 
B. anthracis have been made. 


SUMMARY. 


Details of a semi-synthetic medium are given, in which certain virulent and 
non-virulent strains of B. anthracis will produce a protective antigen which can 
be concentrated by lyophilisation or by alum precipitation, and yields a product 
which is non-toxic. 

Large amounts of the antigenic material can be produced with normal 
laboratory equipment, and rabbits and monkeys have been successfully immunised 
against anthrax with it. , 

Hyper-immunisation of horses with the antigen produced a protective serum 
at least equal in potency to the best that can be obtained by similar immunisation 
with living spore vaccine. 


We wish to thank Dr. D. W. Henderson for introducing this problem and for 
guidance throughout the work. We are indebted to Dr. B. Record for supervising 
the freeze-drying of products, and to Mr. 8. V. Peacock for carrying out inhalation 
challenge tests. Our thanks are also due to Mr. I. Whitlock and Mr. B. Eckersley 
for technical assistance, to Mr. R. Cook for bleeding horses and to Mr. L .Harris 
for large scale media production. 

Acknowledgment is made to the Chief Scientist, Ministry of Supply, for 
permission to publish this paper. 
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AntTIGENS of Bacillus anthracis have been described by various workers 
over a number of years and two of them are chemically well defined. They 
are a capsular antigen (Tomesik and Szongott, 1933), polyglutamyl peptide 
(Ivanovics and Erdos, 1937), and a somatic antigen, a polysaccharide (Ivanovics, 
1938; 1940). Both these substances give precipitation reactions with the 
appropriate antiserum but neither is the protective antigen and it is evident 
that some other substance has this function. Gladstone (1950) stated that 
the protective antigen was protein in nature but he was unable to separate it 
by electrophoresis from the other protein present in his medium. In the pre- 
ceding paper (Belton and Strange, 1954) details are given of the production of 
protective antigen in non-protein media based on the work of Wright, Hedberg 
and Slein (1954), and such substrates provide a more satisfactory basis for its 
‘ isolation and study. 

This paper records a chemical study of the non-dialysable products of bacterial 
growth (and possibly lysis) of strains of B. anthracis in culture filtrates of the 
media described. Details of the method of isolation of a protein, small amounts 
of which immunise rabbits against anthrax infection, and a polysaccharide 
similar to that reported by Ivanovics (1940), are given with the results of chemical 
analysis. Isolation of antigen from alum precipitates of culture filtrate is 
described. 


METHODS. 


The following analytical methods were used :— 

Total nitrogen: Kjeldahl method using a Markham still (Markham, 1942) 
and the catalyst recommended by Chibnall, Rees and Williams (1943) or Kjeldahl- 
Nesslerisation. 

«-Amino nitrogen : the ninhydrin-CO, method (Van Slyke, Dillon, MacFadyen 
and Hamilton, 1941). 

Total carbohydrate: anthrone method of Morris (1948) and the orcinol 
method of Sorensen and Haugaard (1933). 

Reducing sugar: Hagedorn and Jensen (1923). 

Hexosamine : the method of Elson and Morgan (1933) with the modification 
of Immers and Vasseur (1950). 
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_, Phosphorus: Fiske and SubbaRow (1925). 

Amino acids were detected by paper chromatography (Consden, Gordon and 
Martin, 1944). Solvents used were phenol : H,O, collidine : lutidine : H,O and 
butanol : benzyl alcohol : H,O. 

Sugars were detected by paper chromatography (Partridge, 1949) using 
collidine : lutidine : H,O. 

The ultraviolet absorption spectra were observed in a Unicam spectro- 


photometer. 
Sedimentation studies were carried out in a Spinco ultracentrifuge. 


RESULTS. 


Inoculum, strain of B. anthracis, media, preparation of lyophilised growth 
filtrates, alum precipitates of antigen and potency tests are as described in the 
preceding paper (Belton and Strange, 1954). Lyophilised growth filtrates are 
referred to as ‘‘ crude antigens.” 


The effect of dialysis on the crude antigen. 


With synthetic and casein-synthetic media the constituents are all diffusible 
through a cellophan sac and non-diffusible material remaining would be expected 
to contain the protective antigen if it were a protein and not denatured by such 
treatment. 

The crude antigen was dissolved in distilled water to give a 10-12 per cent 
solution. The solution was deeply coloured purple-brown when synthetic or 
casein-synthetic media were used and this pigment appeared as a result of the 
growth of the virulent and non-virulent strains of B. anthracis, and was per- 
ceptible in the medium without concentration. At pH 6-0 it changed to yellow. 
Spectroscopically it showed no absorption bands and it could not be extracted 
with common organic solvents. It has not been identified. 

The solution was put into cellophan bags and dialysed against frequent 
changes of distilled water at 2° for 4 days. Some pigment diffused out and a 
precipitate appeared in the sac: this precipitate was centrifuged off and freeze- 
dried. The clear supernatant was reduced in volume under reduced pressure 
and freeze-dried. The yield of soluble non-diffusible material varied with the 
organism and medium used and was smallest when it was obtained from the 
“Sterne” strain in synthetic medium (Table I). Potency was tested in the 
same way as described in the previous paper for crude antigen, that is, one-fifth 
of the total dose in 0-5 ml. H,O given in 5 injections at 2-day intervals and 
challenge with 500 spores of M. 36 strain of B. anthracis 7 days later. The results 
with various preparations are given in Table II and it can be seen that the most 
active preparation on a weight basis is that obtained from ‘‘ Sterne ”’ cultures in 
synthetic medium when 0-2 mg. completely protected each of a batch of 4 rabbits. 
The precipitate in the sac after dialysis of “‘ Sterne ’ material was found to be 
active. In one experiment with synthetic medium, of 4 rabbits each given a 
total weight of 1 mg., 3 survived challenge. No protective antigen was detected 
in diffusates from solutions of crude antigens after the growth of the “ Sterne ” 


strain. 
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TaBLE I.—Yield of Non-diffusible Soluble Growth Products per g. 
of Crude Antigen. 
Casein- Casein- 


Medium. Synthetic. Synthetic. synthetic. yeast. 


Strain : : ; N.P.A. . -“Sterne” . “Sterne” . “Sterne” 
Yield (mg.) a 15 ‘ 2-3 : 3-4 ‘ 9-10 
Appearance : : Grey : Pink : Brown ‘ Brown 


TaBLE II.—The Protective Activity of Non-diffusible Growth Products. 


Medium ; Synthetic. Synthetic. Casein-yeast. 
Strain . . N.P.A. . “Sterne.” ** Sterne.” 


| em rem deea rete — 
Total wt. perrabbit(mg.). 1:0 0°75 0-5 0-25. 0-2 - i 0-5 0-25 


No. surviving . é < 4 4 3 2 . 4 ‘ 3 4 2 
No. in test ; . ‘ 4 4 3 + . 4 ° 3 4 4 


All control animals died. 


Components of soluble non-diffusible material. 


All samples contained most of the common amino acids, glucosamine and 
galactose (liberated by acid hydrolysis). N.P.A. material contained a large 
excess of glutamic acid derived from the capsular polyglutamyl peptide and this 
explained the higher yield and lower potencies compared with material from 
non-capsulated organisms. When yeast extract medium was used, acid-hydro- 
lysates of non-diffusible products showed the presence of mannose and glucose 
coming from the polysaccharides in yeast ; these increased yield and reduced 
potency. The glucosamine and galactose were shown to be present in the form 
of a polysaccharide similar to the one described by Ivanovics. A proportion of 
the amino acids was accounted for as a protein with protective activity. Some 
analytical results for these products are shown in Table III. 


TaBLE III.—Composition of Water-soluble Non-diffusible 
Growth Products. 
Reducing 


a-NH, N Hexosamine Total power after 
Medium Total after after C/H as hydrolysis 
and Ash nitrogen hydrolysis hydrolysis galactose (per cent as 
strain. (per cent). (percent). (percent). (percent). (per cent). glucose). 


Synthetic N.P.A. . 5-5 n 9-5 ; 6-6 ‘ 9-7 é 12-0 = 19-4 
Synthetic 


“* Sterne ” _ ; a , 5-4 : 12-4 . 15:0. 22-0 
Casein-yeast 
“ Sterne ”’ 6-6. : 7-8 - 5°3-5-5 . 4-5-6:0 . 22-29 . 26-34 


Fractionation of non-diffusible growth products. 


Material from N.P.A. was precipitated in aqueous solution with copper 
sulphate (Bovarnick, 1942) and impure polyglutamyl peptide was obtained. 
After freeing the precipitate and supernatant from copper by dialysis against 
citrate buffer at pH 5-0 and freeze-drying, the activity of the 2 fractions was 
tested, with results as shown in Table IV. Both were active. That the peptide 
is not the protective antigen is proved by the fact that protective material from 
the “Sterne” strain contains no peptide. Paper chromatography of acid- 


12 





156 R. E. STRANGE AND F. C. BELTON 


hydrolysed polyglutamyl peptide obtained in these experiments showed mainly 
glutamic acid but there were traces of other amino acids suggesting a protein 


impurity. 
TaBLE IV.—The Protective Activity of Freeze-dried Copper Precipitates 
and Soluble Material from N.P.A. Non-diffusible Soluble 


Material after Freeing from Copper. 
Experiment ‘ 1. 


2. 
Fraction . : Ppt. Sol. Ppt. 


Total wt. given to each rabbit (mg.) . . 2 0-5 


2 
No. surviving . ‘ : . : ‘ 2 4 
4 


3 
No..in test . ; . ; ‘ ‘ 4 4 


All 4 control animals died. 


Precipitation of material in aqueous solution with 45 per cent v/v acetone 
in the cold was tested but the protection afforded by fractions was poor (Table 
V). 


TABLE V.—Protective Activity of Freeze-dried 45 per cent Acetone 
Precipitates and Soluble Material. 


Strain. ‘ N.P.A. ** Sterne.” 


——————————— er 
Fraction . 2 Ppt. Sol. Ppt. Sol. 


Total wt. given to each rabbit (mg.) . : 0-5 1-0 : 0-25 0-28 


No. surviving : . : . : 3 1 : 3 0 
No. in test . a ‘ j ‘ ‘ 4 4 q 4 3 
All 4 control animals died. 


Some concentration of active material was obtained by precipitation with 
0-1 N acetic acid in the cold, but as Table VI shows, active material remained in 
solution. Better results were obtained by precipitating material with an 
equal volume of 0:1 M citric acid : sodium citrate buffer at pH 3-7 in the cold. 
In one experiment using casein-synthetic medium and the ‘Sterne ”’ strain, 
100 yg. of precipitate protected 4/4 rabbits and 50yg. 3/4. 


TaBLeE VI.—Protective Activity of 0-1 N Acetic Acid Precipitates and 
Soluble Material. 
N.P.A. ** Sterne.” 
—_—_—_— 
Experiment : 1. 2. i. 2. 
eee ein, pate omen = Cee ey 
Fraction . - 2p. ~ Bol. Ppt. Sol. Ppt. Sol. Ppt. Sol. 
* Equivalent total wt. of 
N.D.R. per rabbit 


(mg.) 


Strain 


1 1 - ore 7. ee 0-6 . 0-35 0-35 


4 2 : 4 1 


No. surviving ‘ . 3 3 " 4 0 
+ 


No. in test . 3 ; 3 3 : 4 + : 4 4 : + 
* The precipitate and soluble fractions were not weighed but given to animals on the basis of 
weight of non-diffusible residue (N.D.R.) precipitated with acetic acid. All control animals died. 
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The most satisfactory results were obtained with trichloracetic acid (TCA) 
in the cold. Using N.P.A. material, 0-35 mg. of a neutralised, dialysed TCA 
precipitate protected all of 4 rabbits, whereas 0-4 mg. of the soluble fraction had 
no protective activity. The active material contained a large proportion of 
polyglutamyl peptide and it was found that when this was absent, as with similar 
precipitates from ‘‘ Sterne ” material, very small amounts would protect. For 
subsequent work this latter type of material was obtained by direct precipitation 
of concentrated growth medium with TCA. 


The Isolation of Antigen and Polysaccharide from Casein-synthetic Medium 
after Growth of the “‘ Sterne”? Strain of B. anthracis. 

All operations were carried out at 0° using a water-glycol bath and a M.S.E. 
refrigerated centrifuge. Reagents were cooled before use. Batches of 20 1. of 
glass-filtered medium were lyophilised in a stainless steel drum, giving approxi- 
mately 150 g. of powder. This was dissolved in 900-1000 ml. of distilled water 
and cooled to 0° when a crystalline deposit was obtained which was centrifuged 
down and rejected. On the addition of 50-60 ml. 6 N-HCl with vigorous stirring, 
to make the pH slightly acid, the solution turned yellow. TCA (25 per cent) 
was then added slowly to give a concentration of 2-5 per cent and the solution 
left at 0° for } hr. The precipitate was centrifuged down, washed twice with 
2-5 per cent TCA and dissolved in 15-20 ml. 0-5 M-NaHCO,, any insoluble material 
being centrifuged down and rejected. The clear solution was freed from salts 
by dialysis in the cold, when material tended to come out of solution. At one 
stage the precipitate so formed was separated from the soluble fraction but 
when it was found that it had activity, the contents of the sac were freeze-dried 
without separation. Yields of this material (fraction A) varied but were approxi- 
mately 0-7 mg. per g. of original powder. 

The TCA supernatant was neutralised with solid NaHCO, (a little capryl alcohol 
being added to prevent foaming) and dialysed against frequently changed distilled 
water in the cold. After dialysis the insoluble portion was centrifuged down and 
freeze-dried giving fraction B. 

The clear supernatant was reduced in volume under vacuum to 30-50 ml. 
when more material came out of solution, which was separated, freeze-dried and 
added to B. Ethanol was then added to 25 per cent concentration with a few 
drops of saturated potassium acetate and after standing } hr., the small pre- 
cipitate which formed was centrifuged down; the supernatant was separated 
and treated with alcohol to make a total of 3 vol. and allowed to stand for 4-1 hr. 
The precipitate was centrifuged down, dissolved in water, re-precipitated with 
3 vol. alcohol, the centrifuged precipitate dissolved in water, treated with active 
charcoal, filtered through a 5/3 sintered glass filter (after centrifuging down the 
charcoal), dialysed in the cold and freeze-dried. Yields of this material (fraction 
P) were about 1 mg./g. original powder. The alcohol supernatant after freeing 
from alcohol and dialysis was found to contain a small amount of hygroscopic 
non-diffusible material. 

This scheme is shown in Fig. 1. 


Activity of Fractions. 
As small quantities of material were involved, the 5 doses for a batch of 
rabbits were usually prepared together and kept at —15° until required. If the 
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Crude Antigen 
Dissolved in 
H,0 cooled 
Supernatant Deposit discarded 


pH adjusted to 
slightly acid, TCA 
to 2-5 per cent 


| 
Supernatant Deposit = fraction A 


Neutralised, 
dialysed, 
reduced 








| | 
Supernatant Deposit = fraction B 


EtOH to 
25 per cent 
+ K Ac 


| 
Supernatant Deposit = fraction B.1 


EtOH to 
3 vol. 





| 
Supernatant Deposit = fraction P 
Fic. 1.—Scheme for the fractionation of crude antigen. 


material was not completely soluble in water it was dissolved in weak bicarbonate 
solution. Results of 4 preparations of fraction A are given in Table VII and it 
may be seen that using F. 99, 5 injections each of 5 wg. protected a batch of 
4 rabbits. The potency of fraction B varied; in one experiment 200 mg. per 
rabbit protected 3 out of 4. 


TaBLE VII.—Activity of Trichloracetic Acid Precipitates from 
Casein-Synthetic Medium (Fraction A). 
Sample. . F. 34. F. 82. F. 99. 


Total wt. per rabbit (ug.) 75 45 . 100 45 Sie @ 25 


No. rabbits surviving ; 4 4 ; 4 3 2 . + 4 
No. in test . . ° 4 4 ° 4 4 3 = 4 4 


All 4 control rabbits died. 


Analysis of Fractions. 
Fraction A.—A sample was taken from the pooled material of 3 batches 
and re-precipitated 3 times with TCA, the precipitate being dissolved in 0:1 
m-NaHCO, each time. After the last precipitation it was dialysed in the cold 
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and lyophilised. The resulting material, when dry, was light brown but was 
more strongly coloured in solution. Qualitative tests on a 0-5 per cent solution 
gave the following results :— 

Molisch: weak positive; biuret: positive (rose-violet); Millons (Cole’s 
modification): positive; Hopkins-Cole: positive; xantho proteic: positive ; 
Sakaguchi: strong purple colour. 

Quantitative analysis gave the following results :—ash: 2-4 per cent; total 
nitrogen: 14-2 per cent.; a-amino nitrogen after hydrolysis with 6 n-HCl for 
20 hr.: 10-7 per cent.; phosphorus: 0-07 per cent.; total carbohydrate : 
< 1 per cent (using the anthrone method a brownish-green colour was obtained 
which gave an optical density equivalent to 0-8 per cent galactose) ; hexosamine : 
0-5 per cent. Paper chromatography after acid hydrolysis of the material with 
6 N-HCl for 20 hr. showed the presence of the following amino acids: cystine, 
glutamic, serine, glycine, alanine, threonine, lysine, arginine, histidine, valine, 
leucine, isoleucine, tyrosine, proline, phenylalanine and methionine. 

Ultraviolet absorption : a solution containing 0-6 mg./ml. in 0-05 mM-NaHCO, 
after centrifuging in an angle centrifuge at 18,000 r.p.m. for 20 min. showed 
a general absorption over the range 2300-3200 A typical of that expected from 
a protein material, but the trough around 2500 A was shallow. 

Ultracentrifuge : 2 runs were made by Dr. B. Record of this department 
using 1 per cent solutions in glycine : sodium hydroxide buffers at pH 8-5 and 
11:0. The sedimentation boundary broadened rapidly as the run proceeded 
and did not draw clear of the meniscus. The material sediments as a single 
boundary with a sedimentation constant equal to 3-0. Whether the boundary 
spreading is due to some polydispersity in the material or can be accounted for 
by normal diffusion cannot be decided from this brief investigation. It is clear, 


however (see Fig. 2), that the material sediments as a single boundary with a 
sedimentation constant of 3-0 Svedbergs. 


Fic. 2.—Sedimentation pattern of fraction A, 1 per cent w/v, speed 59,780 r.p.m. Sedimenta- 
tion from right to left in glycine : sodium hydroxide : sodium chloride buffer, pH 11-0, 
I = 0-2. Four exposures at 32, 48, 64 and 80 min. intervals after reaching full speed. 


It can be seen from the sedimentation diagram that the pigment accompanies 
the sedimenting boundary throughout the run suggesting that the pigment is 
combined with, or part of, the main bulk of sedimenting material. 

Fraction B.—Complete analysis has not been made because the material 
was obviously impure. It was very strongly pigmented. Qualitative tests on 
a (-5 per cent solution in 0-05 M-NaHCO,; Molisch: positive ; biuret: positive 
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(red violet); xanthoproteic: positive; Millons: weak positive; Hopkins- 
Cole: positive. 

Ash: 8-6 per cent; total nitrogen: 8-1 per cent; total carbohydrate (as 
galactose): 4 per cent (anthrone). The ash contained 21-0 per cent Fe. 

Fraction P.—The freeze-dried material was white and dissolved readily in 
water giving a slightly brown solution. 

Qualitative tests on a 1 per cent aqueous solution ; Molisch: strong positive ; 
biuret : negative ; xanthoproteic: negative. 

Total nitrogen: 3-9 per cent; a-amino nitrogen: 1-26 per cent; ash: 
0-7 per cent. 

Total carbohydrate : 43 per cent (anthrone), 39-4 per cent (orcinol). 

Reducing power: the total reducing power was obtained after hydrolysis 
with 0-5 n-HCl for 5 hr.: 66-7 per cent as glucose. 

Hexosamine : all the hexosamine was liberated after hydrolysis with 3 N-HC! 
for 3 hr.: 34-0 per cent (as base). 

Acetyl (hydrolysed with p-toluene sulphonic acid followed by steam distillation 
of volatile acid): 14-3 per cent. 

Sugars detected by paper chromatography after 0-5 n-HCl hydrolysis : 
galactose only. 

Amino acids (paper chromatography); alanine, aspartic and glutamic with 
traces of others. Hexosamine showed up strongly with the spray. 

Sedimentation studies in the Spinco ultracentrifuge of the material in 
acetate : sodium acetate buffer at pH 4-0 and phosphate buffer at pH 8-0 using 
a 1 per cent solution showed only one component (Fig. 3). 


(0) 

Fic. 3.—Sedimentation patterns of fraction P, 1 per cent w/v, speed 59,780 r.p.m. Migration 
from right to left. (a) In acetate: sodium chloride buffer, pH 4:5, I = 0-2. (b) In 
phosphate : sodium chloride buffer, pH 8-0, I = 0-2. Exposure after 128 min. at full 
speed in each case. 


The polysaccharide was examined by Professor W. T. J. Morgan at the Lister 
Institute who detected no blood group A, B or H activity. 


Other fractions. 

The 25 per cent alcohol-precipitated material from crude antigen was mainly 
polysaccharide and showed small variable activity. The 3 vol. EtOH-soluble 
material was mainly peptide. 

From the analytical results it is seen that fraction A has the characteristics 
of a protein, fraction B consists of some protein with inorganic material and 
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pigment and fraction P is a polysaccharide similar to that described by Ivanovics 
(1940). 


The isolation of protective antigen from alum precipitates of growth filtrates. 


The use of citric acid as a solvent for such precipitates was suggested by 
Dr. D. Herbert of this department. From citric acid solutions of alum pre- 
cipitates, active material was obtained either by adjusting the pH to 3-5 with 
sodium citrate or by adding TCA. Another method tried was to stir the material 
in 2-5 per cent TCA when the alum dissolved and antigen was left as a pre- 
cipitate. 

The citric acid-TCA method was as follows: the alum precipitate equivalent 
to 20 1. of growth filtrate was packed down by centrifugalisation and washed 
with saline. It was dissolved at 2° in 1 1. of 0-2.m citric acid by stirring, the 
process requiring about 1 hr.: 1/10th vol. of cold 25 per cent TCA was added 
slowly with stirring and the mixture left at 0° for 4 hr. The faint precipitate 
was centrifuged down and washed twice with cold 2:5 per cent TCA. The residue 
was extracted 4 times with 5 ml. 0-2 mM-NaHCO, by centrifugalisation, these 
extracts being decidedly pink when the medium used was casein-carbon. The 
extracts were mixed, dialysed in the cold and lyophilised yielding 40-45 mg. 
of brownish-grey solid with casein-carbon medium and 52 mg. with casein-yeast 
medium. The NaHCO,-insoluble residue consisted of white crystalline material 
with a small gelatinous layer, probably denatured protein. 


Activity of antigen from alum precipitates. 
Table VIII shows the protection given to batches of rabbits by these prepara- 


tions. Samples F. 73, F. 76 and F. 79 were isolated from casein-yeast medium 
and F. 155 from casein-carbon medium. F. 155 had somewhat higher activity 
than the others and was as potent as fraction A. 


TaBLe VIII.—Activity of Material Isolated from Alum Precipitates 
of Growth Filtrates. 
Sample ‘ F. 73. F. 76. F. 79. F. 155. 
i SS Ge aN —— 


Total wt. per rabbit ; 
(ug.) . ‘ - 100 - - 100: 70 ; 20 . 100 50 25 


No. rabbits surviving 4 3 oa 2 : Saree oe. 3 4 
No. in test ‘ . '#£ 3 re 4 . a si 4 + 


All 4 control rabbits died. 


Analysis of antigen from alum precipitates. 


These preparations resembled fraction A in giving protein reactions and 
containing little carbohydrate or hexosamine. Material derived from casein- 
carbon medium dissolved in weak NaHCO, to give a pinkish solution. Total 
nitrogen varied between 12-13 per cent but after re-precipitation of a batch 
3 times with } saturated (NH,),SO, and thorough dialysis this increased to 14-7 
per cent. The ultraviolet absorption spectrum of the re-precipitated material 
was similar to that of fraction A. 
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Attempts to increase yield of antigen from alum precipitates. 

The yield of antigen obtained from alum precipitates was somewhat lower 
than expected and the TCA supernatant was examined in an attempt to increase 
it. The supernatant from a batch was neutralised and dialysed against water 
in the cold. On lyophilisation a large amount of material was obtained which 
analysis showed to be mainly inorganic (ash, 54 per cent) suggesting the presence 
of a complex aluminium compound. Of 4 rabbits receiving 100 mg. each of this 
material, only one survived challenge which is an insignificant activity. In 
another experiment the supernatant from a batch was neutralised with solid 
NaHCoO, and after dialysis the volume was reduced under vacuum to about 
40 ml. Treatment with TCA in the cold gave an insignificant amount of pre- 
cipitate. 


Aggressin activity of protective antigen fractions. 


Keppie, Smith and Harris-Smith (1953) have pointed out an interesting 
correlation between aggressin activity as evidenced by interference with phago- 
cytosis, and protective antigen activity in fractions obtained from guinea-pigs 
infected with B. anthracis. Antigen preparations described above have been 
tested by them and found active at 0-1 per cent. This is additional support for 
correlation of the two activities. 


Further purification of protective antigen fractions. 


An apparent purification was effected by extracting the preparations described 
with 0-2 mM-Na,HPO, : 0-1 m citric acid buffer pH. 5-0 when some material went 
into solution (less than 20 per cent). After dialysing and lyophilising the 2 
fractions they appeared different, the soluble being white and the insoluble 
brown. The ultraviolet absorption spectrum of the soluble fraction was more 
typical of a pure protein than the insoluble fraction (Fig. 4). However, animal 
experiments showed that protective activity had not been concentrated in either 
fraction but was approximately the same for each and apparently lower than that 
of the original preparation. 

Re-fractionation of the preparations with acetone or ammonium sulphate 
has not resulted in fractions with high protective activity. 


Increase in protective activity of antigen preparations after treatment with horse- 
serum. 


F. 123 (1 mg.) was incubated at 37° for $ hr. with 0-2 ml. of normal horse 
serum and left at 2° for 48 hr. The mixture was diluted with saline and 5 doses 
containing 2 wg. of antigen and approximately 32 yg. of horse-serum proteins 
were given to each of 4 rabbits. Three of these survived challenge whereas an 
equal amount of antigen without this treatment failed to protect any of a batch 
of 4rabbits. Similarly 5 doses of 2 wg. of F. 155 and 50 yg. of protein protected 
2 of 3 rabbits whereas in the absence of serum this amount would not protect. 


DISCUSSION. 


The evidence presented here suggests that the protective antigen of B. anthracis 
is a protein or closely associated with one. It may be concentrated in crude 
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Fie. 4.—Ultraviolet absorption of the 2 fractions obtained from fraction A by phosphate : 
citrate buffer extraction at pH 5-0. Concentration 0-06 per cent in 0-05 m-NaHCO, in 
each case (a) soluble ; (6) insoluble. 


antigen by dialysis and lyophilisation but after growth of the “Sterne ”’ strain 
the activity recovered appears to be lower than that originally present in the 
growth filtrate whereas after growth of the capsulated N.P.A. strain practically 
all the activity is recovered. It is possible that free capsular polyglutamyl 
peptide acts as a preservative for protective antigen during dialysis and it is 
perhaps significant that this peptide, when first isolated, is contaminated with 
it. Investigation of dialysates showed that a method of further concentrating 
antigen was treatment with TCA in the cold. While it is well known that the 
effect on proteins of this reagent can be drastic, the results obtained seemed to 
justify its use since milder reagents did not give a greater yield with reference to 
activity recovered in precipitates. 

The isolation of similar highly active fractions as TCA precipitates from 
concentrated growth filtrates and citric acid solutions of alum precipitates is 
significant since alum precipitation itself effects a considerable purification of 
antigen. However, it is possible that our preparation is not homogeneous since 
the method of isolation merely concentrates protein. The ultracentrifuge analysis 
of fraction A was made in an attempt to discover whether more than one com- 
ponent was present, and while the results were by no means satisfactory, the 
sedimentation diagram obtained could be that of a homogeneous protein. Al- 
though apparent separation was achieved by citrate : phosphate buffer extraction 
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at pH 5-0, both fractions were active and neither more active than the original 
preparation so that insolubility in slightly acid solution of a large proportion of 
the material could be due to partial denaturation during the process of isolation. 

The increase in protective activity of antigen preparations after treatment 
with horse serum is interesting since it could explain the apparent higher yields 
obtained by Gladstone (1946; 1948) using medium containing serum compared 
to the yields obtained in non-protein medium. 

Further work is required to show whether these antigen preparations are 
relatively pure or contain a non-specific bacterial protein. 

The polysaccharide was investigated in order to compare its chemical constitu- 
tion with that of the polysaccharide described by Ivanovics (1938) and our 
analytical results suggest that it is very similar although our ratio of hexosamine 
to galactose is not 1:1. In agreement with him we have been unable to obtain 
this polysaccharide free from amino acids. 


SUMMARY. 


After B. anthracis has grown in a non-protein medium it is possible to isolate 
from the culture filtrate a mixture of growth products which contains protective 
antigen. 

The components of such growth products vary according to the strain of 
organism and the type of medium used but a protein and a galactose : glucosamine 
polysaccharide are always present. 

The protein has been isolated from growth filtrates and has the property of a 
strong protective antigen against anthrax, 25 wg. protecting rabbits against a 
challenge dose of 250 A.L.D. of spores. Although no definite criteria of purity 
are presented the sedimentation patterns obtained could be those of a homogeneous 
substance. 

A polysaccharide has been isolated from growth filtrates which sedimented 
as a homogeneous substance and was similar to that described by Ivanovics. 

It is a pleasure to record our thanks to Dr. D. W. Henderson and Dr. D. 
Herbert of this department for advice and interest. We are indebted to Mr. 
F. A. Dark for some analytical and fractionation work, Dr. B. Record and Mr. 
K. Grinstead for sedimentation studies and freeze-drying and Mr. C. F. B. Board- 
man for technical assistance. 

Acknowledgment is made to the Chief Scientist, Ministry of Supply, for 
permission to publish this paper. 
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Tue differentiation of strains of Corynebacterium diphtheriae into 3 distinct 
cultural groups led to a re-examination of the species by immunological methods, 
and as a result of the work of Orr-Ewing (1933), Robinson and Peeney (1936), 
Hewitt (1947) and others, at least 13 gravis, 4 intermedius, and more than 30 
mitis types have been differentiated by agglutination. Relatively little attention 
seems to have been paid, however, to the nature of the antigens concerned, and 
information on this point is scanty. 

Wong and T’Ung (1939, 1940a, b) extracted washed cultures of the PW8 strain 
with alcohol : ether and treated the de-fatted bacteria with 0-05 n-NaOH at 37°. 
They obtained lipoid, protein and polysaccharide fractions, of which the lipoid 
and polysaccharide were group-specific, while the protein was type-specific. Sera 
against the protein fraction, however, seem to have given very low titres in 
agglutination tests against the homologous organism, while precipitating quite 
strongly with solutions of the protein itself. 

Hoyle (1942), using complement fixation, and working with alcoholic extracts 
of C. diphtheriae and C. hofmanni, found that there was an antigen common to 
both species, and a specific antigen for each. The antigen specific to C. 
diphtheriae was found in strains of all 3 cultural groups, but in largest amounts 
in mitis strains. Hoyle cautiously defined the antigens responsible for the 
complement-fixing activity of his extracts as ‘“‘ alcohol-soluble haptenes, the true 
chemical nature of which is unknown.” 

Oeding (1950a, b) found that when suspensions of C. diphtheriae were heated 
at 100° for 2 hr. in 0-004 n-NaOH, the titre to which such suspensions agglutinated 
when tested against a serum to unheated organisms was much reduced, and that 
such heated suspensions would no longer absorb antibodies to unheated organisms. 
Rabbits immunized with the heated suspension, however, showed a relatively high 
titre of antibodies to unheated organisms, so that destruction of the antigen 
concerned was not complete in 2 hr. at 100°. 

As a result of these findings, Oeding postulated the existence of heat-stable 
and heat-labile antigens in C. diphtheriae, the latter being the more superficial 
and responsible for type-specificity. Oeding also found evidence of the presence 
of several different heat-stable antigens. He described the heat-labile antigens 
as being unaffected by absolute alcohol, N-HCl, and trypsin, in 20 hr. at incubator 
temperature, and from this concluded that they were not protein ‘‘ but perhaps a 
polysaccharide, or a polysaccharide-lipoid complex.” 

Lautrop (1950) also investigated the effect on agglutination of heating suspen- 
sions of C. diphtheriae. He employed a more strongly alkaline suspending 
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fluid (0-02 n-NaOH, instead of 0-004 N-NaOH as used by Oeding) and autoclaved 
suspensions in this for 2 hr. at 127°. His findings were essentially the same as 
those of Oeding, but in addition he found that the presence of the type-specific 
heat-labile antigens inhibited agglutination due to the heat-stable antigens. He 
suggested that the heat-labile antigens corresponded to the type-specific protein 
of Wong and T’Ung, while the heat-stable antigens corresponded to their poly- 
saccharide fraction. 

Pope, Stevens, Caspary and Fenton (1951), investigating the complex antigenic. 
nature of culture filtrates of the PW8 strain, applied the tryptic digestion method of 
Raistrick and Topley (1934) to the washed bacteria obtained during the routine 
production of toxin. From these digests they obtained a protein-free alcohol- 
precipitable fraction, which flocculated with PW8 antitoxin. Their results 
indicated the presence of at least 3 antigens in this material, and they suggested 
that these represented somatic antigens, probably polysaccharide, which must 
have been present in an undegraded and fully antigenic state in the cell-free 
filtrate used to produce the antitoxin. These fractions seemed to have some 
degree of strain or type-specificity, since in tests of similar fractions from 2 other 
strains one reacted only weakly and the other not at all with PW8 antitoxin. 

Most of the authors quoted have been concerned with the demonstration 
rather than the nature of the antigens, and their conclusions on the latter point 
are tentative and somewhat contradictory. In the experiments here described 
2 types of material have been used ; suspensions of intact bacterial cells, and of 
cell wall material prepared by disintegrating the organisms by shaking with 
fine glass beads. 

Holdsworth (1952) has published results of a chemical analysis of cell wall 
material from the PW8 strain of C. diphtheriae, and showed that it consists of a 


protein-polysaccharide complex, the polysaccharide fraction of which had a 
molecular weight of about 1200 and contained galactose, mannose and arabinose. 
He did not investigate its immunological reactions. The results reported below 
indicate the presence of at least two different antigenic components in the cell 
wall of C. diphtheriae, one a protein and the other a substance whose antigenic 
specificity seems to be determined by a polysaccharide moiety. 


METHODS. 
Strains of C. diphtheriae. 


A virulent mitis strain (2764) which had been isolated from a clinical case of diphtheria 
was used in most of the experiments. This was particularly suitable for agglutination tests 
since it gave stable suspensions in 0-9 per cent saline without the need for shaking with 
glass beads, heating in 0-004 n-NaOH at 56° or other methods which previous investigators 
have found necessary for the preparation of satisfactory agglutinating suspensions of most 
strains of C. diphtheriae. Although suspensions of this strain gave titres of 640-2560 with 
different samples of homologous serum, they gave no agglutination at 1/20 with sera prepared 
against the following organisms : other mitis strains (2), gravis (2), intermedius (1), C. hofmanni 
(1), C. werosis (1). 


Stock cultures. 


These were maintained in Robertson’s meat medium in screw-capped bottles. After 
incubation at 37° overnight, they were kept in the dark at room temperature, and were 
normally subcultured to fresh meat medium at about 6-monthly intervals, although in most 
cases such cultures remain viable for a year or longer. As required, a few drops of the 
supernatant in the stock culture were used to inoculate 3-4 ml. of rabbit or horse serum 
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broth, and the latter, after incubation at 37° overnight, used to inoculate larger amounts of 
medium. 


Preparation of suspensions for agglutination or treatment with enzymes. 

These were prepared from cultures grown on 5 per cent horse serum agar for 18-24 hr., 
washed off in sterile distilled water, killed by heat for 1 hr. at 56°, centrifuged and washed 
twice in distilled water. Heat sterilization was adopted as a routine since formalin-killed 
cultures seemed slightly less stable in the agglutination test. 

Suspensions were normally used within a day or two of preparation ; those kept longer 
were preserved with 0-3 per cent sodium azide. For use they were centrifuged and re-sus- 
pended in saline for agglutination tests, or, for enzyme experiments, in an appropriate buffer 
solution. Suspensions for agglutination were standardized by the opacity method to a 
density of 500 x 10°/ml. 


Immunization of animals. 

Stock sera against the untreated organisms were prepared from 24 hr. cultures grown 
in digest broth containing 1 per cent sterile rabbit serum, and killed by formalin. The 
washed deposit from 100 ml. of the killed culture was injected intraperitoneally in alginate 
(Slavin, 1950), and 3—4 weeks later the animals were given 4 intravenous injections, at 3—4-day 
intervals, of a similarly prepared suspension. They were bled 5-6 days later, and the sera 
preserved with 0-3 per cent sodium azide. 

To prepare sera against enzyme-treated organisms, suspensions were made by washing 
the growth off horse serum agar as described above, and after treatment washing and re- 
suspending in saline. Animals immunized with these treated suspensions were given only 
intravenous injections at 3—4-day intervals. 


Agglutination tests. 

Each tube contained 0-5 ml. of serum dilution, and 0-5 ml. of bacterial suspension or 
@ suspension of cell wall material. In the latter case a density equal to that of a bacterial 
suspension of 250 x 10°/ml. was used. The tubes were incubated at 56° in a water bath for 


4 hr. for bacterial suspensions, and for 1 hr. with cell wall suspensions, since reactions with 
the latter material were more rapid. 


Absorption of antibodies. 

The centrifuged deposit of bacteria or cell wall material was re-suspended in 1 ml. of 
serum at the appropriate dilution, which was usually 64 times as concentrated as the final 
titre, i.e., a serum of titre 640 was absorbed at dilution 1/10. Absorptions were carried 
out for 1 hr. at 37° with occasional shaking. 

In absorption experiments with various amounts of enzyme-treated suspensions, the 
amount of untreated organisms required to absorb completely 1 ml. of the serum at dilution 
1/10 was first calculated. This was approximately 5 x 10!° organisms, and was regarded 
as ‘‘ one absorbing dose of bacteria.’”’ Ten times this amount was treated with the enzyme, 
so that when the treated organisms were washed and re-suspended in 10 ml. of saline ‘“ one 
absorbing dose ’’ was (in theory) contained in 1 ml. Because of the instability of many 
of the treated suspensions and their tendency to stick to the walls of the tube, the method 
was not very accurate, but it was felt that it gave a sufficiently close estimate of the 
amounts of treated suspension being used for absorption. 


Enzymes and conditions of use. 

Trypsin.—Most of the experiments were done with liq. trypsin co. (Allen & Hanbury), 
which was neutralised with 0-1 N-NaOH and used in a final concentration of 1/20. Ina 
few experiments trypsin powder (Hopkin & Williams) was used. The suspending medium 
in all these tests was 0-033 m phosphate buffer pH 8-0. 

Papain.—Extracts of a crude papain powder (B.D.H.) were prepared by suspending 
1 g. in 100 ml. saline and leaving overnight in the refrigerator. After filtration through 
paper the reaction of the resulting clear yellow fluid was adjusted to pH 7-6 with dilute 
NaOH, and the extract Seitz-filtered. Such extracts retained their activity for several 
weeks at 4°. The papain extract was used at a final concentration of 1/10, and mixtures 
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containing it were activated by the addition of sodium thioglycollate to a final concentration 
of 0-01 m. Where necessary the action of the enzyme was inhibited by sodium iodoacetate 
in a final concentration of 0-0001 m. 

The buffer used with papain was 0-033 m phosphate pH 7:6, and the activity of the enzyme 
was tested by its ability to clot milk. 

Pepsin.—Crystalline pepsin (Armour) was used in a final concentration of 1 mg./ml., and 
the suspending fluid was 0-02 N-HCl. The pH of reaction mixtures was approximately 2, 
and after incubation they were neutralised with 0-1 N-NaOH before centrifuging and washing. 

Where digestion with trypsin or papain was to be continued for longer than 3 or 4 hr. 
buffer solutions sterilized by steaming at 100° for 30 min. were used. 


Precipitation tests. 

These were done as ring tests in narrow bore tubes (internal diameter 3 mm.) drawn 
out at one end, and were only regarded as negative after examination with a hand lens 
after 1 hr. at room temperature. 


Disintegration of bacteria, and preparation of cell wall material. 

Approximately 500 mg. wet wt. of bacterial deposit in 8 ml. distilled water and 4 g. 
Ballotini (Chance No. 12) were used in each cup of the Mickle disintegrator, and shaking 
was continued for 1 hr. at room temperature. A temperature rise of about 10° was noted 
in this time. With these quantities disintegration appeared to be complete in 1 hr. as 
judged by stained smears, which showed Gram-negative debris with, at the most, a very 
occasional intact organism. During shaking, the rubber stoppers of the cups were protected 
with cellophan as suggested by Hotchin, Dawson and Elford (1952), to prevent contamination 
with small particles of rubber. After shaking, the cups were centrifuged at 1000 r.p.m. for 
about 5 min. to break the froth, and the supernatant pipetted off. The beads were washed 
twice, with a few ml. of distilled water each time, and the washings added to the original 
supernatant. The combined suspensions were then centrifuged at low speed to remove any 
remaining beads and unbroken bacteria, and then at higher speed to throw down the cell 
wall material. To do this required 15 min. at 8—10,000 r.p.m. in an angle centrifuge. The 
final deposit was washed again in distilled water by high speed centrifugation. 

This product -was called ‘“‘ crude cell wall suspension.”’ Its appearance in the electron 
microscope and further purification are described later. 


Periodate treatment of bacterial suspensions and cell wall material. 


A stock solution was made by dissolving 1 g. of periodic acid in 100 ml. distilled water. 
This solution was estimated at 0-96 per cent by titration. 

Experiments using periodic acid were done at pH 7 in 0-033 m phosphate buffer at room 
temperature. Any change in pH due to the addition of periodic acid solution at the start 
of an experiment was corrected by the addition of a few drops 0-1 N-NaOH. Excess periodic 
acid in the samples removed from the reaction mixture during an experiment was destroyed 
by pipetting them into tubes containing 0-2 ml. of 20 per cent glucose solution. 


RESULTS. 


Effects of proteolytic enzymes on the stability of suspensions of intact bacteria. 


Preliminary experiments showed that it was not possible to perform direct 
agglutination tests with suspensions of enzyme-treated bacteria, since these were 
unstable in saline of any concentration and in distilled water. This effect was 
most marked with pepsin, and least with trypsin. In mixtures containing pepsin 
1 mg./ml., instability could first be noted after about 30 min. at 37°, with 0-1 
mg./ml., after about 1 hr. Control suspensions in 0-02 N-HCl alone, or with 

psin at pH 7-0, showed no such effect even after 48 hr. at 37°, neither did controls 
in the phosphate buffers used with trypsin or papain. As well as adhering to 
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each other, the particles of enzyme-treated suspensions showed a marked tendency 
to stick to the sides of the tube, as shown in Fig. 1. 

A similar effect was found when the organisms were grown in digest broth 
containing Seitz-filtered solutions of trypsin or papain. The final concentrations 
in the broth were 1 mg./ml. of trypsin or a 1/10 dilution in the broth of the 1 per 
cent solution of crude papain. In both cases, and especially with papain, the 
type of growth was much altered, and instead of a diffuse turbidity with a slight 
film at the surface, the smooth mitis strain (2764) used in most of the experiments 
gave a heavy pellicle and a clear underlying fluid, resembling a gravis strain with 
an unusually coherent surface growth. It was not necessary to add activator to 
the broth to obtain this effect with papain ; presumably sufficient natural activa- 
tors were already present. 

No permanent alteration in cultural or biochemical reactions was produced 
by 10 consecutive subcultures of the mitis strain at 48-hr. intervals in papain 
broth. At the end of this time on transfer to media without enzyme the organism 


again grew typically. 


Absorption of antibodies by enzyme-treated bacteria. 


Since enzyme-treated suspensions were so unstable as to be useless for direct 
agglutination tests, an absorption technique was used to determine whether or 
not such treatment had destroyed the antigen responsible for agglutination in the 
untreated suspensions. The results of absorption with increasing amounts of 
bacteria treated with trypsin, papain or pepsin, are shown in Table I. The 
various samples of absorbed sera were tested against an untreated suspension of 
the same mitis strain. The method of absorbing different samples of serum 
with increasing amounts of the treated suspensions was used partly to make it 
easier to determine intermediate degrees of destruction of absorbing power and 
partly to overcome the objection that the loss of absorbing ability might be due 
to flocculation of the suspension, with non-specific reduction of the available 
absorbing surface. 

It will be seen that treatment with pepsin for 24 hr. has produced an almost 
complete loss of absorbing power even when large amounts of treated suspensions 
are used, whereas with papain and trypsin, particularly the latter, the loss is much 
less. In experiments not included in Table I, it was found that pepsin produced 
a marked loss in 3 hr., its effects in this time being greater than those of papain 
or trypsin in 24hr. Alone, 0-02 N-HCl, however, produced no effect on absorbing 
power, and suspensions treated with it also agglutinated normally with homo- 
logous serum. 

Experiments of a similar type using suspensions of this mitis strain prepared 
from cultures grown in broth containing trypsin or papain showed that in the 





EXPLANATION OF PLATES. 


Fic. 1.—Effect of pepsin (1 mg./ml.) on the stability of a mitis suspension in 20 hr. at 37°. 
Left: control, 0°02 N-HCl alone. Right: pepsin-treated. Both suspensions neutralized, 
washed and re-suspended in 0-9 per cent saline before photographing. 

Fic. 2.—Crude cell wall suspension, after washing but before trypsin treatment: fragments 
of cell membrane and denser material. Gold-manganin shadowed. 

Fic. 3.—Cell wall suspension after trypsin treatment for 4 hr.: aggregations of cell mem- 
branes but little denser material. Gold-manganin shadowed. 

Fic. 4.—Intact bacteria at same magnification for comparison. One organism has ruptured 
spontaneously. Gold-manganin shadowed. 
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TaBLE I.—Effect of Proteolytic Enaymes on Ability of Mitis 2764 Suspension to 
Absorb Homologous Antibody. 


Absorbed sera titrated against untreated homologous suspension. 


Number of 

Enzyme absorbing 

used Time of doses used 
to treat enzyme for 1 ml. Serum dilutions : 


suspension. action. (serum 1/10). 
1/80. 1/160. 1/320. 1/640. 1/1280. 1/2560. 
Sm 


a0 o _ saa “ 
Trypsin . 24hr. 


Papain . 24hr. 
Pepsin . 24hr. 


Untreated . — ; 1 ; _ — -- _ _ 
—_ _ -Unabsorbed ++ ++ ++ a -- - = 
In this and other Tables results of agglutination tests are graded as ++, +, +, Tr, or —, + in- 
dicating the smallest particles easily visible to the naked eye, and the results of saline controls 
have been omitted, as they were negative throughout. 
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concentrations used these enzymes were not capable of destroying the antigen 
as fast as it was formed by the growing organisms, and only a partial loss of 
absorbing power was noted. 


Preliminary agglutination tests with cell wall suspensions. 


At this stage some exploratory experiments were done using suspensions of 
crude cell wall material in agglutination tests. It was hoped that, if such material 
did not become auto-agglutinable during treatment with proteolytic enzymes, 
it might be possible to show the disappearance of the specific antigen in direct 
agglutination tests, provided that the antigen was not mechanically removed 
by shaking. It soon became evident that the specific antigen was not destroyed 
or removed by shaking, since crude cell wall suspensions would absorb specific 
antibodies from sera prepared against whole organisms, and would induce the 
formation of specific antibodies in rabbits. It was found, however, that while 
suspensions of the material would agglutinate with sera prepared against intact 
cells of the homologous strain and against the material itself, it also agglutinated 
with heterologous sera, especially if these were prepared against cell wall material 
rather than intact bacteria. Furthermore, it was possible to remove antibodies 
to the cell wall suspensions by absorption with cell wall material from a different 
strain, leaving the titre of specific antibodies unaltered. 

Since the titres of homologous and heterologous sera for cell wall suspensions 
were almost identical, it seemed that such suspensions reacted almost entirely 
by virtue of an antigen shared by other strains of C. diphtheriae, and that the 
specific antigen, although present, played little or no part in their agglutination. 


13 
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Purification of cell wall material 

The crude cell wall material gave smooth white suspensions, which looked 
more like a- colloidal solution than a bacterial suspension if the tube was tilted 
to give a thin layer. Films stained by Gram’s method with 10 per cent carbol 
fuchsin as counterstain, showed rather poorly staining Gram-negative material 
in which no outlines of bacterial shells could be recognized. Electron micrographs 
showed that although isolated fragments of thin membrane could be seen, a great 
deal of denser material still adhered to them (Fig. 2). After some experiment 
it was found that digestion with liq. trypsin co. 1/20 for 3—4 hr. produced a 
much purer material. The clearing effect is seen in Fig. 3 and it is evident that 
almost all the denser material has been removed. The effect of crystalline trypsin 
has not been tried, and since the crude trypsin used contains ribonuclease, 
removal of the granular material may be due to the combined effect of these two 
enzymes. McCarty (1952a, 6), working with cell wall preparations of Group A 
streptococci produced by grinding in a ball mill, found that a combination of 
trypsin and ribonuclease was effective in purifying his preparations. During 
the tryptic digestion of ‘‘ crude cell wall suspensions”’ from C. diphtheriae a 
considerable decrease in the opacity of the suspensions was noted, and treated 
suspensions no longer frothed when sucked up and down in a pipette. Such 
suspensions were perfectly stable in distilled water or 0-9 per cent saline, but 
they could not be used to show the destruction or otherwise of the specific 
antigen, since this component had been found to play little or no part in cell 
wall agglutination. 

Treatment with pepsin had a similar effect on cell wall suspensions, but 
electron microscopy showed that purification was less complete than with trypsin. 


Antibody Response in Rabbits Immunized with Enayme-treated Intact Cells 
or Cell Wall Material. 


Immunization with enzyme-treated intact cells. 


Animals injected with trypsin- or papain-treated suspensions all produced 
antibody titres from 320 to 1280 for intact untreated bacteria. This was to be 
expected since absorption had shown that destruction of the specific antigen 
was far from complete in 24 hr. with these enzymes (see Table [). 

The animals immunized with pepsin-treated suspensions produced results of 
more interest. Table II shows the response in 2 rabbits, one immunized with 
intact cells treated with pepsin for 20 hr., the other with similar material treated 
for 48 hr. It can be seen that in the animal injected with the 20-hr. material 
the production of specific antibodies (i.e., to untreated suspensions) has lagged 
behind the production of antibody to cell wall suspensions. This is the reverse of 
the usual response to untreated organisms ; for example, in the preparation of 
a stock serum by Slavin’s method, a titre of specific antibodies of 2560 was attained, 
at which time the serum agglutinated cell wall suspensions to a titre of only 80. 

The results with the animal injected with the 48-hr. material were even more 
clear-cut, no specific antibody having been produced after 7 injections, although 
the titre against cell wall suspensions was then 320. As a control a further 
animal was injected with a suspension incubated in 0-02 N-HCl at 37°. In this 
animal, 4 injections produced a titre of specific antibodies of 1280, from which 
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TaBLE II.—Antibody Response in Rabbits Injected with Pepsin-treated Suspensions 
of Intact Cells of Mitis Strain 2764. 


Serum 
sample 
taken 
after 
(No. Sample tested Serum dilutions: 
_ Injected injec- against OO 
Rabbit. with: tions) : suspension of : 1/20. 1/40. 1/80. — 1/160. 1/320. 1/640. 1/1280. 1/2560. 


4 Intact cells r _ 
Suspension Cell wallCWTP . - 
( treated 


11/53 with - 8 Intact cells : - - 
. \ pepsin Cell wall CWTP . 
or 
20 hr. Intact cells . 
Cell wallCWTP . 


Suspension 4 Intact cells i 
e treated Cell wallCWTP . 
25/53 with pep- | 
7 


sin for 
48 hr. 


Intact cells Mey « ~ — 
Cell wall CWIrP . Tr 


it was concluded that incubation in dilute acid alone did not destroy the specific 
antigen. ' 


Immunization with enzyme-treated cell wall material. 


The results of absorption tests and of immunization of rabbits, using intact 
bacteria, suggested that pepsin was the only one of the 3 enzymes likely to destroy 
the specific antigen without prolonged treatment. With the cell wall material, 
therefore, the use of trypsin was confined to the 3—4-hr. period needed to purify 
the cell wall suspensions. As will be seen its action in this short period leads to 
little or no destruction of the specific antigen. This trypsin-purified material 
is referred to as CWT. A sample of this was prepared from mitis strain 2764, and 
half was given further treatment with pepsin for 20 hr. at 37° and pH 2. This is 
referred to as CWTP. A comparison was then made between the ability of these 
materials to absorb specific antibody, and their ability to induce the production 
of such antibodies in rabbits. The results are given in Table III, and confirm 
those of the experiments in which suspensions of intact bacteria were used. The 
CWT material absorbs the specific antibodies, but when further treated with 
pepsin it almost entirely fails to do so, although it can still stimulate the production 
of specific antibodies to a low titre, while giving a much higher titre of antibody to 
cell wall suspensions. 

The results recorded in Tables I, II and III show that the antigen responsible 
for agglutination of suspensions of intact bacteria of the strain investigated was 
protein in nature, although rather resistant to destruction by proteolytic enzymes. 
Attempts to demonstrate it in supernatants from digestion mixtures, however, 
gave either negative results or else reactions with both homologous and hetero- 
logous sera. It appears from this that the antigen was undergoing actual 
destruction and not merely coming off into solution like the T-antigens of strepto- 
cocci (Lancefield and Dole, 1946) which are liberated but not destroyed by digestion 
with trypsin or pepsin. The reactions with heterologous sera in the precipitation 
tests were found to be due to an antigen or mixture of antigens associated with the 
cell contents and not with the cell wall. This material was found in larger amounts 
in supernatants from control suspensions which had been incubated without 
enzyme in phosphate buffers or in 0-02 N-HCl and was evidently protein in nature 
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as its reactivity was destroyed by trypsin or pepsin. It was not further investi- 
gated since it did not form part of the cell wall and could not be extracted from 
trypsin-purified cell wall suspensions. 


Differences between Group and Specific Antigens as Shown by Absorption, 
Heat-resistance and Effects of Periodate. 
Absorption. 

As already mentioned, it was found that cell wall suspensions cross-agglutinated 
with heterologous sera which did not agglutinate the intact bacteria. This cross- 
agglutination was found with crude cell wall suspensions, and after treatment 
with trypsin, or trypsin followed by pepsin, and indicated the presence of a group 
antigen distinct from the specific antigen. This distinction is clear from the results 
of absorption tests in which cell wall preparations from a gravis and an intermedius 
strain were used to absorb a mitis serum. In each case, as shown in Table IV, 
the heterologous cell wall material has removed all antibodies for the homologous 
cell wall, leaving the titre of specific antibodies unchanged. A similar effect can, 
of course, be obtained by absorption with pepsin-treated homologous cell wall 
suspensions although in this case there is usually a slight reduction in the titre 
of specific antibody, due probably to the small amount of residual specific antigen 
(see Table ITT, A). 


Heat resistance of the specific and group antigens. 


Tubes containing suspensions of intact cells or cell wall (CWTP) in 0-01 m 
phosphate buffer at pH 7-0 were placed in a water bath at 100° and samples 


TasBLeE III.—Effect of Trypsin and Pepsin on Specific Antigen in Cell Wall 
Material. Comparison of Absorbing Power and Antigenicity of the Same 
Samples. 

A. Ability to absorb specific antibodies after enzyme treatment. 
B. Ability of same material to induce formation of specific antibodies in rabbits. 


A 


Serum dilutions : 
ee 





Serum 2764 mitis Sera after absorption - _ 
(intact cells). tested against : 1/160. 1/320. 1/640. 1/1280. 1/2560. 1/5120. 1/10,240. 


Absorbed with homologous Suspension mitis 2764 
CWT . . ° . Intact cells x - - - - - - - 


Absorbed with homologous - 
CWTP . . . . ++ ++ ++ + < 


Unabsorbed serum. . - . ++ ++ ++ ++ + 


B 


Rabbit. - Immunized Numberof Serum sample hh 
No. with : injections. tested against: 1/20. 1/40. . 1/160. 1/320. 1/640. 1/1280. 1/2560. 


Serum dilutions : 


+ 
19/53 . 
5 276410 1 ++ + ++ + 
+ + 


Qo 2764 CWTP . ++ 


‘ 27641C* 2. + ++ ++ + a ft 2 
2764CWTP | ++ ++ ++ - - 
2764 CWT 
++ 


. 2764 CWTP 


276410 2 ++ ++ = a 
2764 CWTP . ++ ++ ++ +p 


* IC = Intact cells. 


‘ { e410. - - in 
2764CWTP 1. ++ ++ ++ ++ 
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TaBLE 1V.—Differentiation of Specific and Group Antigens by Absorption. 
Serum Absorbed Tested against 
prepared against. with : suspension of : Titre. 
gravis XY . Mmitis 2764 intact cells. 320 
CWT : ‘ CWTP ; <40 
intermedius 542 2 + intact cells. 320 


mitis 2764 cell wall, tryp- 
sin purified (CWT) Cwr ee CWTP ‘ <40 


Unabsorbed P 2s intact cells. 320 
serum . - CWTP . 320 


removed at intervals. The samples were centrifuged, re-suspended in 0-9 per 
cent saline and titrated against the corresponding sera. The results of such an 
experiment are shown in Table V, and it can be seen that the agglutinability of 
the cell wall suspensions was unaltered by 4 hr. heating at 100°. The agglutina- 
bility of the intact cell suspension on the other hand was greatly reduced after 
2 hr. at 100° and had almost disappeared after 3 hr. The stock serum used in 
these tests had been shown to contain low titre group antibodies, and it was 
obviously of interest to determine whether the group antigen was becoming exposed 
to a sufficient degree to contribute to the agglutination of the heated bacteria. 
Using a serum with a higher titre of group antibody (640) this point was 
investigated, but it was found that no such reaction occurred even after the 
suspensions had been heated at 100° for periods up to 6 hr., suggesting that the 
group antigen is deeply situated. 


TaBLE V.—Heat Resistance (100°) of Specific and Group Antigens. 


Suspensions heated at 100° in 0-01 m phosphate buffer pH 7, and tested 
with homologous sera. 


Heated at 
Suspension of : 100° for (hr.) : Titre. 
640 
160 
20 
<20 
<20 


mitis 2764 intact cells 


640 
640 
640 
640 
640 


mitis 2764 CWTP 


Ca PCE Cn! 


Effect of periodate oxidation on the specific and group antigens. 


Since the group antigen appeared to be extremely resistant to proteolytic 
enzymes and to heat, it seemed likely that it might be of a polysaccharide nature, 
especially in view of the results of the chemical analysis of C’. diphtheriae cell walls 
recorded by Holdsworth, and of the occurrence of important polysaccharide group 
antigens in the cell walls of other species, ¢.g., Group A streptococci (McCarty, 
19526; Salton, 1953). Accordingly samples of CWTP from mitis strain 2764 
were treated for varying periods with 0-01 m periodic acid and then tested against 
the corresponding serum. The results (Table VI) are compared with those 
obtained when a suspension of intact cells of the same strain was similarly treated. 
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In each case the same amount of material (0-12 g. wet wt, of deposit in a final 
volume of 10 ml.) was used, but since the actual amounts of specific or group 
antigens in the two preparations were unknown, any proper quantitative compari- 
son of periodate action is not possible. However, it can be seen that while the 
agglutinability of the cell wall suspension has been greatly modified in 30 min. 
and virtually destroyed in 1 hr., that of the bacterial suspension was unaltered 
in 2 hr. under the same conditions. In other experiments it has been found that 
18-24 hr. action of periodate is needed for the complete destruction of 
agglutinability of a suspension of intact bacteria of the strain used. 


TaBLE VI.—Action of Periodaie on Specific and Group Antigens. 


0-01 M periodic acid in 0-03 m phosphate buffer pH 7 at room temp. 
(18-20°). Treated suspensions tested with homologous sera. 


Length of Dilution of sera : 
periodate Ret Se" AE Re a 
Suspension of : treatment (hr.) 1/20. 1/160. 1/320. 1/640. 1/1280. 1/2560. 


0 ++ ++ 
a + ++ 
mitis 2764 intact cells . 


= 
~ 
= 
—) 
-_ 
<, 
@ 
= 

+ 
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1 ++ 
1¢ nee 
2 ot 


++ 


+ +4+4++ 
+ +4444 & 
+ +4444 § 

++ +44+ 

++ +4+4+ 
HEHEHE He 


ie ak 


rrppt tettt 

+ 
rrppt tettt 
rime tt+++ 


mitis 2764 CWTP ° ° 


The loss of activity of a material when treated with periodate does not prove 
that the material is carbohydrate. For example, it is known that periodate 
oxidation will destroy the biological activity of ribonuclease, equine encephalo- 
myelitis virus and antibody to Type III pneumococcus (Goebel, Olitsky and Saenz, 
1948) or bovine serum albumin (Goebel and Perlmann, 1949). Except with the 
virus where the infectivity was destroyed in 7-10 min., complete destruction 
took from 6-18 hr. In general it seems that the activity of carbohydrates is 
rapidly destroyed, that of proteins more slowly. Morgan and Watkins (1951), 
discussing the inactivation of various blood group receptors, were of the opinion 
that ‘it will not be surprising if those receptors highly susceptible to treatment 
with periodate are subsequently found to be carbohydrate in nature.” In the 
present case, the fact that the cell wall antigen is rapidly inactivated by periodate 
while the specific antigen is only slowly attacked strongly supports the view that 
the former, or at least that part of it which determines its antigenic specificity, 
is polysaccharide, while the latter is protein. 


Presence of the group antigen in corynebacteria other than C. diphtheriae. 


Trypsin-purified cell wall suspensions were prepared from 6 strains of other 
corynebacteria and tested against mitis 2764 CWTP serum. The results of these 
tests are given in Table VII, in which it can be seen that with the exception of 
C. ovis, cell walls from other species cross-react to a negligible degree with 
the mitisserum. The various strains of C. diphtheriae, however, form a homo- 
geneous group irrespective of cultural type. It is very doubtful if the slightly 
lower titres with intermedius CWT suspensions are of any significance, since they 
appear to be able to absorb the CW antibodies completely (Table IV). ‘The 
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strong cross-reaction with C. ovis was of interest, since gelatin-liquefying coryne- 
bacteria are known to occur which produce not only diphtheria toxin but also a 
toxin related to that of true C. ovis strains. Such strains have been described 
by Mair (1928), Barratt (1933) and more recently by Jebb (1948), Cook and Jebb 
(1952) and Saxholme (1951). In view of this, absorption tests were done using 
suspensions of CWT material from the strains of C. hofmanni and C. xerosis (strains 

_H3 and X3, Table VII) which showed most cross-reaction with the mitis antiserum 
and similar material from the strain of C. ovis. The latter absorbed from mitis 
CWTP serum all antibodies for mitis cell wall suspension, while the preparations 
from the other 2 organisms reduced the titre only very slightly (from + to + 
at dilution 1/640), thus confirming the fact that the group antigen in the cell 
wall of the various C. diphtheriae strains occurs also in the strain of C. ovis. 


TaBLE VII.—Agglutination Reactions of Trypsin-purified Cell Wall Preparations 
from Various Strains of C. diphtheriae, or Other Corynebacteria. 


Suspensions : 
Trypsin-purified CW 
suspensions from the 
following strains : . Titres. 

mitis ‘‘ 2764” : 640 
oo wee = 640 
gravis “‘ XY” , 640 
oo i 640 
PR! |g ; 640 
intermedius “1” ‘ 320 
“a A eee 320 
mitis 2764. CWTP “ 542” , 320 


C. werosis “ X,” ; <20 
as “ X; ” 


80 
[weak throughout] 
<20 


C. hofmanni ‘“‘ H,” 
ea “ Hy, ” 40 
C. ovis . 160 
C. renale “‘ CR4”’ . <20 


DISCUSSION. 


It is clear that at least 2 distinct antigens are present in the cell wall of the 
mitis strain of C. diphtheriae investigated. Antibodies for each can be demon- 
strated by absorption tests, and there are marked differences between their 
reactions to proteolytic enzymes, heating at 100° and periodate oxidation. 
Further, the fact that the specific antigen is destroyed by proteolytic enzymes 
indicates that it is a protein, and the heat-resistance of the cell wall antigen, 
together with its rapid destruction by periodate, suggests that it is likely to be 
a polysaccharide. 

The presence of a heat-stable antigen reacting so uniformly in preparations 
from various strains of C. diphtheriae does not seem to have been previously 
described. It is difficult to identify it with any of the heat-stable antigens 
described by Oeding or Lautrop because they worked with suspensions of heated 
intact bacteria, and the present results indicate that even after 6 hr. boiling such 
suspensions are still inagglutinable with an antiserum to cell walls. Its distribu- 
tion resembles that of Lautrop’s O-antigen 1, which was found by him in all 
diphtheria strains and in C. ovis, but he described this antigen as occurring also 
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in C. hofmanni. The presence of the heat-stable cell wall antigen in C. ovis 
suggests a relationship between this species and C. diphtheriae, and this is supported 
by the occurrence of strains of an intermediate type which appear to produce 
both toxins ; it suggests also that a search for other antigens of a similar type in 
different corynebacteria might be of considerable assistance in the classification 
of the group as a whole. 

It seems that the group antigen described in the present paper is not normally 
detectable in agglutination tests with intact bacteria. In an attempt to find a 
more rapid method of detecting it, precipitation tests were performed with forma- 
mide extracts of intact cells (Fuller, 1938). These gave variable results and cross- 
reactions were more common than with cell wall suspensions, suggesting that other 
antigens of polysaccharide nature exist in the cell contents. The cell wall group 
amtigen can, however, be detected in intact cells by absorption and an experi- 
ment to demonstrate this is illustrated in Table VIII, which shows the results of 
absorbing a serum to cell walls of a gravis strain with a mitis suspension, and with 
suspensions of C. hofmanni or C. xerosis. Absorption with the mitis cells has 
removed the cell wall antibodies, but the other suspensions have failed to do 
so as would be expected from the failure of cell wall suspensions of these 
diphtheroids to agglutinate in the direct test (Table VII). 


TaBLE VIII.—Absorption of Anti-Cell Wall Serum with Suspensions of Intact 
Bacteria. 


Absorbed with Tested 
Serum. suspension of : against. 


C.hofmanni Hl ,, ,, R 


gravie XY CW* 4 C.zerosisX1 |» ” — 


mitis 2764 intact cells . } gravie XY { 


Unabsorbed 


*CW = Crude cell wall material. 


As to the location in the cell wall of the 2 antigens it would appear that the 
heat-stable group antigen must be deeply situated for the reasons already stated, 
and the specific antigen superficial. The latter seems not to be essential for the 
integrity of the cell wall because the organisms grow well in broth containing 
enzymes which attack it, but it does appear to be intimately connected with the 
stability of the suspension ; as the loss of stability in suspensions treated with 
pepsin starts in about 30 min. it would seem that destruction of relatively small 
amounts of it will produce the effect. That cell wall suspensions do not become 
unstable when treated with trypsin or pepsin may be explained by the fact that 
in such suspensions many new surfaces of a different nature are exposed. This 
indeed is obvious from the results of agglutination tests with such suspensions, 
where the specific antigen although shown by other methods to be present takes 
no apparent part in the reaction. Whether the loss of stability of enzyme-treated 
intact bacteria is due to gradual exposure of a deeper layer of different material, 
or merely to the removal of those parts of the specific protein first attacked, it is 
not possible to state. If the former supposition is correct this deeper material 
must be different from that which is acting as the cell wall group antigen, since 
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this, when exposed by rupture of the organisms, gives stable suspensions of cell 
wall fragments even after enzyme treatment. 

The existence of a definite cell wall in bacteria, which can be separated from 
other cell components if the organisms are mechanically disintegrated or ruptured 
by heat, has now been demonstrated in many bacterial species. Because of its 
function, it might be expected that the cell wall material would be little affected 
by different physiological conditions within the cell, or by variation in the medium 
in which the cell is growing, and that its antigenic properties would remain 
unaltered over a wide range of such conditions. If this is so, the examination 
by immunological methods of cell wall preparations from related species may be a 
useful aid in classification, although the present results indicate that it may be 
difficult to detect their antigenic specificity in intact cells, and rupture of the wall 
may be necessary to allow the relevant groups to react. 


SUMMARY. 


The antigens present in the cell wall of a mitis strain of C. diphtheriae have 
been investigated using suspensions of intact bacteria and of cell wall material 
produced by disintegrating the organisms. 

Two antigens have been found ; a superficial, specific protein, and a deeper 
group antigen which is probably polysaccharide. 

The protein antigen is responsible for agglutination in intact bacteria, and is 
relatively heat-labile. The group antigen does not give rise to agglutination unless 
the cell wall is ruptured, although its presence in intact bacteria can be 
demonstrated by absorption ; it is heat-stable, but rapidly attacked by periodate. 

The group antigen is present in all cultural varieties of C. diphtheriae, and was 
also found in one strain of C. ovis. It could not be detected in 6 strains of C. 
hofmanni, C. xerosis or C. renale. 

Such antigens may prove useful in classification. 


I am very much indebted to Professor 8. P. Bedson and Professor C. F. Barwell 
for helpful advice and criticism, and to Dr. Geoffrey Bourne for the use of the 
Mickle disintegrator. 

I must also thank Miss H. Donald of the National Institute for Medical 
Research, Mill Hill, for the electron micrographs; Dr. Donald Payne, of the 
Public Health Laboratory, Northallerton, for the strains of C. diphtheriae ; and 
Dr. F. C. O. Valentine for help with the manuscript. 


REFERENCES. 


Barratt, M. M.—(1933) J. Path. Bact., 36, 369. 

Cook, G. T., anp Jess, W. H. H.—(1952) J. clin. Path., 5, 161. 

Fuuier, A. T.—(1938) Brit. J. exp. Path., 19, 130. 

GOEBEL, W. F., OuirsKy, P. K., anp Saenz, A. C.—(1948) J. exp. Med., 87, 445. 

/dem AND PERLMANN, GERTRUDE E.—(1949) Jbid., 89, 479. 

Hewrrr, L. F.—(1947) Brit. J. exp. Path., 28, 338. 

Hoipsworta, E. 8.—(1952) Biochim. biophys. Acta, 9, 19. 

Horcentn, J. E., Dawson, I. M., anD Exrorp, W. J.—(1952) Brit. J. exp. Path., 33, 177. 
HoyLE, L.—(1942) J. Hyg., Camb., 42, 416. is 
Jess, W. H. H.—(1948) J. Path. Bact., 60, 403. 





180 C. S. CUMMINS 


LANCEFIELD, REBEccA C., AND DoE, V. P.—(1946) J. exp. Med., 84, 449. 

Lautrop, H.—(1950) Acta path. microbiol. scand., 27, 443. 

Marr, W.—(1928) J. Path. Bact., 31, 136. 

McCarty, M.—(1952a) J. exp. Med., 96, 555.—(1952b) Ibid., 96, 569. 

Morean, W. T. J., AND WATKINS, WINIFRED M.—(1951) Brit. J. exp. Path., 32, 34. 

OEpING, P.—(1950a) Acta path. microbiol. scand., 27, 427.—(1950b) Ibid., 27, 597. 

Orr-Ewinec, JEAN—(1933) J. Path. Bact., 37, 345. 

Porg, C. G., Stevens, Murrey F., Caspary, E. A., anpD Fenton, E. L.—(1951) Brit. 
J. exp. Path., 32, 246. 

Raistrick, H., anp TopLEy, W. W. C.—(1934) Jbid., 15, 113. 

Rosinson, D. T., anD PeEenry, A. L. P.—(1936) J. Path. Bact., 43, 403. 

Sarton, M. R. J.—(1953) Biochim. biophys. Acta, 10, 512. 

SaxHOLME, R.—(1951) J. Path. Bact., 63, 303. 

Stavin, D.—(1950) Nature, Lond., 165, 115. 

Wone, S. C., anp T’Une, T.—(1939) Proc. Soc. exp. Biol., N.Y., 42, 824.—(1940a) Ibid., 
43, 749. —(1940b) Chin. med. J., Suppl. 3, 506. 





INACTIVATION OF THE H RECEPTORS ON HUMAN ERYTHRO- 
CYTES BY AN ENZYME OBTAINED FROM TRICHOMONAS 
FOETUS. 


WINIFRED M. WATKINS* anp W. T. J. MORGAN. 
From the Lister Institute of Preventive Medicine, London, S.W.1. 


Received for publication December 31, 1953. 


DuRInG studies designed to clarify the nature and properties of the serologically 
active receptors on human erythrocytes and in tissue fluids, attempts have been 
made to discover enzymes which could bring about the differential decomposition 
of the specific blood-group structures. Enzymes which decompose the specific 
water-soluble group materials have been described (Schiff, 1935, 1939 ; Schiff and 
Weiler, 193la, 6; Landsteiner and Chase, 1935; Iseki and Okada, 1951; Iseki 
and Tsunoda, 1952; Springer and Gyorgy, 1953; Howe and Kabat, 1953) but 
the capacity of the enzymes to modify the receptors on the erythrocyte surface has 
not been extensively investigated. Attempts to destroy the group specificity 
of the intact erythrocyte by means of enzyme preparations obtained from 
Clostridium welchit were unsuccessful (Morgan, 1947) although the corresponding 
serologically active stromata, and the water-soluble A, B and H substances, were 
readily inactivated. 


Watkins (1953) described an enzyme preparation extracted from the protozoon 
Trichomonas foetus which readily inactivated the water-soluble blood group 
substances. The present paper describes the action of a partially purified enzyme 
material obtained from 7’. foetus on certain of the specific blood group receptors 
on the red cell surface. 


MATERIALS AND METHODS. 


Source of enzyme.—The enzyme was obtained from living 7’. foetus organisms as described 
by Watkins (1953). The crude extract was fractionated once from aqueous solution with 
ammonium sulphate and the fraction precipitated at 2° between the levels 24-30 per cent 
w/v ammonium sulphate concentration was collected, dialysed to remove salts and dried 
from the frozen state. This material destroyed the activity of water-soluble preparations 
of human H substance but was without action on preparations of human A and B substances. 
The H-destroying activity of the enzyme preparation expressed in terms of the unit defined 
by Stack and Morgan (1949) was 114 units per mg. nitrogen. 

Treatment of red cells with the enzyme.—Suspensions (1 per cent) in saline (1 ml.) of 
red cells of known phenotype were treated with 1 mg. of enzyme for 2 hr. at 37°. The 
suspension was shaken gently at frequent intervals during the incubation period and the 
red cells were then collected, washed three times and re-suspended in saline. Suspensions 
of cells after treatment with the enzyme were stable and were free from haemolysis. 
Agglutination tests.—These were carried out as described previously (Morgan and Watkins, 

951). 

Anti-H sera.—Human and animal sera which agglutinate O and A, cells more strongly 
than cells of other groups can be divided into two groups: those which are inhibited by 
saliva from secretor persons belonging to all the ABO groups are called anti-H sera and those 
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which are not inhibited are at present grouped together as anti-O sera (Morgan and Watkins, 
1948). Three examples of anti-H sera of different origin were used in the present investi- 
gation: the naturally occurring anti-H agglutinin in the serum of the eel Anguilla anguilla 
(Sugishita, 1935 ; Jonsson, 1944), an immune anti-H serum produced by injection of rabbits 
with human H substance isolated from ovarian cyst fluids (Morgan and Waddell, 1945) and 
a powerful human anti-H serum ‘“ Tomlinson,” which acted on O cells to a titre of 32,000 
at 21°. The action of the 7’. foetus enzyme on those receptors detected by the O cell agglu- 
tinins which are not anti-H in character has not been studied. 


RESULTS. 


The Action of T. foetus Enzyme on the Specific Blood Group Receptors on the 
Erythrocyte Surface. 


The H receptors.—The results of the titration of two samples of group O cells, 
before and after treatment for 2 hr. at 37° with the 7’. foetus enzyme, against the 
human anti-H serum ‘“ Tomlinson ”’ and natural eel serum are shown in Table I. 
The agglutination results recorded were read after the tests had been allowed to 
stand for 2 hr. at 21°. The marked fall in titre after incubation of both samples 
of group O cells with the enzyme indicates that the H receptors on the cell surface 
have been rendered serologically inactive by this treatment. Absorption experi- 
ments with the cells after treatment with enzyme confirmed these results. The 
human serum ‘“ Tomlinson’”’ showed only a slight reduction in titre against 
untreated O cells after two absorptions with enzyme-treated O cells whereas when 
the absorptions were carried out with the same volume of untreated cells the anti-H 
agglutinins were almost completely removed. 

The residual agglutination titre given by the enzyme-treated cells with the 
anti-H sera (Table I) was not diminished after more prolonged treatment of the 
cells with the 7’. foetus preparation ; this fact, combined with the observation that 
the treated cells were agglutinable to a similar extent by an anti-A serum which, 
of course, failed to react with the untreated O cells, suggested that the residual 
titre was not due to unchanged H receptors on the cell surface but was the result 
of some modification of the cells which rendered them non-specifically agglutinable 
by serum. This suggestion was confirmed by inhibition tests with human H 
substance which failed to block the residual agglutination of enzyme-treated cells 
by the anti-H sera. Subsequent experiments showed that when human sera 
were used as the test reagents, the non-specific agglutination could be confined 
to the first two or three dilutions only, if the tests were read after 2 hr. at 37°. 
The rabbit anti-H serum, however, reacted so strongly with enzyme-treated cells 
of all groups, even at 37°, that it was not possible to determine whether the H 
receptors detected by this serum were destroyed by the enzyme. The possibility 
of removal of the non-specific agglutinin by absorption was therefore investigated. 
A specimen of group A, cells, which reacted very weakly with the rabbit anti-H 
serum at 21°, was treated with the 7’. foetus enzyme preparation, the cells were 
washed three times with saline and the rabbit anti-H serum was then absorbed 
twice with one quarter volume of the enzyme-treated cells. Titration of the 
absorbed serum against treated and untreated O cells showed that (a) the non- 
specific agglutinins could be removed by absorption (b) absorption did not impair 
the capacity of the rabbit serum to react with untreated O cells and (c) the H 
activity of the O cells detected by the rabbit anti-H serum was destroyed by 
treatment with the enzyme. 
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As a result of these observations all the following experiments involving titra- 
tion of enzyme-treated cells against the homologous serum were carried out 
either at 37° or with sera which had previously been absorbed with enzyme-treated 
cells which did not contain the blood group receptor under investigation. 

The A,, A, and B receptors.—The T. foetus enzyme preparation used for the 
above experiments was without action on the water-soluble A and B substances 
\and, therefore, it was of interest to determine whether the enzyme preparation 
would exhibit the same selectivity towards the receptors on the erythrocyte surface. 
The agglutination results obtained after treatment of A, and B cells with the 
enzyme and subsequent incubation of the cells and serum for 2 hr. at 37°, are 
given in Table II. The serum “Tomlinson” contained an anti-B agglutinin which 
was neutralised before titration of the serum against B cells with a human B sub- 
stance, which contained no significant amount of H activity. Two A, donors, one 
(E. I.) whose cells reacted strongly with the human anti-H serum “ Tomlinson ” 
and a second (P. P.) whose cells failed to react at 37° with this reagent, were 
included in the experiment. The H activity of the strongly reacting A, cells 
and that of the B cells was destroyed, but the respective A and B activities of 
these cells as measured by immune human anti-A and anti-B sera, were unchanged. 
Treatment of A, cells with the 7’. foetus preparation resulted in a similar loss of 
H activity without impairment of the cells’ capacity to react with anti-A sera. 

The Rhesus (D) receptors.—Rh agglutination tests are regularly carried out 
at 37° and therefore it was possible to determine the action of the enzyme on 
the Rh(D) factor without previous absorption of the test sera. Table III shows 
the results of the titration of enzyme-treated R,R, and rr cells against a saline- 
agglutinating anti-D and an incomplete anti-D serum. The activity of the R,R, 
cells against the saline-agglutinating anti-D was not reduced and a capacity to 
react with the incomplete anti-D serum was developed. The 7’. foetus enzyme, 
therefore, does not destroy the Rh(D) receptors and the reactivity of the enzyme- 
treated cells in saline with incomplete anti-D serum suggests that the enzyme 
preparation brings about a modification of the cell surface similar to that effected 
by trypsin or papain treatment. 


TaBseE III.—Action of T. foetus Enzyme on Rhesus D Receptor. 


Cells. Dilution of serum. 


cE F ci Os — 
Donor. Group. Treatment. 22. 74. 8. 1:16. 1:32. 1:64. 1:128, 1:256. 


Untreated . 3 3 2 1 0 
W.T.J.M. R,R, Enzyme- . 3 3 2 1 0 


treated 
Saline anti-D 
Untreated . 0 0 0 0 
D. P IT Enzyme- . 0 0 0 0 
treated 


0 


Untreated . 0 0 
W.T.J.M. R,R, Enzyme- . 3 3 
| treated 


Incomplete anti-D 


0 0 
Enzyme-. 0 0 0 
treated 


Untreated . 0 
D2. Ir 


Degrees of agglutination as in Table I. 


The M, N and S receptors.—Modification of the M and N receptors on the cell 
surface by treatment with enzymes has been previously reported (Morton and 
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Pickles, 1951; Rosenfield and Vogel, 1951; Puschel, 1953). The 7’. foetus 
enzyme preparation was also found to render the M and N receptors serologically 
inactive (Table IV). The immune rabbit anti-M and anti-N sera were absorbed 
with enzyme-treated N and M cells respectively and titrations against the homolo- 
gous enzyme-treated cells were then carried out at room temperature. Tests 
for the S factor were made with an unabsorbed human anti-S serum at 37°; there 
was no evidence that the S receptors had been modified by treatment with the 
7. foetus enzyme. 


TaBLE IV.—Action of T. foetus Enzyme on MNS Receptors. 
Cells. Dilution of serum. 


ma, 
Serum. Group. Treatment. 22. 24. 1:8. 


Untreated . 3 
MM Enzyme- . 0 
Rabbit anti-M (absorbed with treated 


enzyme-treated N cells) 


NN Enzyme- . 


Untreated . 
treated 


Untreated . 


Enzyme- . 
Rabbit anti-N (absorbed with treated 


enzyme-treated M cells) 
{ Untreated . 


Enzyme- . 
treated 


8S 


Enzyme- . 


Untreated . 
treated 


Human anti-S (unabsorbed) 


Enzyme- . ? 0 
treated 


Degrees of agglutination as in Table I. 


Untreated . 0 0 
8s 


The P receptors.—Treatment of P-positive cells with the 7’. foetus enzyme 
preparation did not result in loss of activity when the cells were titrated against 
a human anti-P serum which had previously been absorbed with enzyme-treated 
P-negative cells. 

The Lewis Le* and Le® receptors.—Experiments carried out to determine whether 
the Le* and Le? receptors on the cell surface are modified by the 7’. foetus enzyme 
suggest that inactivation does not occur. It was not possible to establish 
conclusively that these structures were unchanged because the anti-Le* and 
anti-Le® sera available were of such low titre and avidity. 


The Action of Trypsin and Papain in the H Receptors on the Erythrocyte Surface. 
Rosenfield and Vogel (1951) reported that the O(H) factor is not essentially 
changed by trypsin treatment as measured by either eel serum or human serum 
as ihe source of anti-O (H). The action of the 7’. foetus preparation on the Rh(D) 
receptors and the MNS receptors, however, so closely paralleled the results obtained 
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with trypsin-treated cells that it was thought desirable to confirm that the proteo- 
lytic enzymes used for Rh sensitisation did not destroy the activity of the O cells 
against the anti-H reagents which were used to test the 7'. foetus enzyme-treated 
cells. A sample of Difco trypsin, which was known to cause enhancement of 
Rh agglutination and destruction of the M and N receptors was kindly supplied 
by Miss Joan Thompson. This preparation did not cause any fall in the agglutina- 
tion titre of the cells against the human anti-H serum “Tomlinson.” Similarly 
treatment of cells with papain by the method described by Stratton (1953) failed 
to cause any diminution in H activity. 

Treatment of human erythrocytes with periodate destroys the specific blood- 
group receptors on the cell surface (Moskowitz and Treffers, 1950; Morgan and 
Watkins, 1951). Recently, Coffin and Pickles (1953) have shown that subse- 
quent treatment with trypsin restores the specific agglutinating capacity of 
erythrocytes which have been treated with periodate. These authors suggested 
that the action of the trypsin was to unmask previously unavailable antigen 
sites on the erythrocyte surface and it therefore became of interest to determine 
whether further H receptors would be revealed by the action of trypsin on group 
O cells which had lost their reactivity with anti-H sera following their exposure 
to the 7’. foetus enzyme. Trypsin did not, however, restore the agglutinating 
capacity of the 7'. foetus enzyme-treated 0 cells against the human anti-H 
serum “ Tomlinson.” 


The Action of the T. foetus Enzyme on the Virus Receptors on the 
Erythrocyte Surface. 


An examination of the behaviour in the virus haemagglutination test of group 
O cells which had been treated with 7’. foetus enzyme and the preparation of 
cells treated with living influenza virus were kindly undertaken by Professor 
Wilson Smith. The 7’. foetus enzyme-treated cells were found to be insusceptible 
to haemagglutination with the PR8 strain of influenza virus. The results of a 
preliminary adsorption and elution experiment indicated that the treated cells 
fail to adsorb the virus and this observation supports the conclusions drawn from 
the haemagglutination test that the virus receptors on the red cell surface are 
destroyed by the 7’. foetus enzyme. 

Normal human group O cells which had been treated with living influenza 
virus were found to be non-specifically agglutinated by human serum and could 
not, therefore, be used to test for the presence of H receptors by the usual agglu- 
tination procedure. The virus-treated cells were, however, as effective in absor- 
bing the anti-H agglutinins from the human anti-H serum “‘ Tomlinson ” as were 
the untreated O cells. It would, therefore, appear that exposure of the cells to 
living virus, under conditions which destroy the virus receptors, does not result 
in the destruction of the H receptors on the cell surface. 


The Inhibition of the Action of the T. foetus Enzyme on the H and M Receptors on 
the Erythrocyte Surface. 


Incubation of L-fucose with the substrate-enzyme mixture inhibits the action 
of the 7’. foetus enzyme preparation on the water-soluble H substance (Morgan 
and Watkins, unpublished observations); experiments were therefore carried 
out to determine whether this sugar would have the same inhibitory effect on 
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the destruction of the H receptors on the red cell surface. Cell suspensions were 
prepared in 1 per cent solutions of fucose dissolved in saline and were then 
incubated with the 7’. foetus enzyme for 2 hr. Titration of the enzyme-treated 
cell suspensions against the human anti-H serum “ Tomlinson ” at 37° revealed 
that the presence of 10 mg. L-fucose inhibited completely the action of 1 mg. of 
the enzyme preparation on the H receptors contained in 1 ml. of a 1 per cent O 
cell suspension. The presence of this quantity of fucose did not, however, inhibit 
the action of the 7’. foetus preparation on the M and N receptors of the O cells. 

The carbohydrate portion of the mucoid showing H specificity contains four 
sugars in about equal amounts, L-fucose, D-galactose, D-glucosamine and D- 
galactosamine. The inhibitory effect of L-fucose led us to test D-fucose, and also 
the other constituent sugars of the H substance, for their capacity to inhibit the 
destruction of the H receptors by the 7’. foetus enzyme. D- galactosamine, used 
at a concentration of 10 mg. of the sugar to 1 mg. of enzyme, was found to be as 
effective as L-fucose in preventing the inactivation of the H receptors, whereas 
p-galactose and D-fucose at the same concentration had only a slight inhibitory 
action and D-glucosamine was completely inactive as an inhibitor. None of these 
sugars showed any capacity to inhibit the destruction of the M receptors by the 
T’. foetus enzyme. 

The water-soluble human blood group substances were also tested for their 
power to inhibit the action of the 7’. foetus enzyme on the H and M receptors on 
the cell surface. A, B and Le* substances at a concentration of 1-5 per cent 
failed to inhibit the action of 1 mg. of enzyme on the H receptors in 1 ml. of a 
1 per cent suspension of group O cells. H substance at the same concentration 
partially inhibited the destruction of the H receptors. All four blood group 
substances, however, completely inhibited the action of the 7’. foetus enzyme on 
the M receptors. 

Human serum was found to inhibit the destruction of both the H and M recep- 
tors by the 7’. foetus enzyme. The presence of 0-02 ml. human group A serum 
in a final volume of 1 ml. was sufficient to cause partial inhibition of the action 
of 1 mg. of the enzyme preparation on 1 per cent group OM cells; 0-10 ml. serum 
gave almost complete inhibition. 


DISCUSSION. 


The serological properties of the intact human erythrocyte have been examined 
extensively but comparatively little is known about the chemical nature of the 
constituents of the erythrocyte membrane which participate in the serological 
reactions. At least nine independent blood group systems involving some thirty 
serologically distinct antigens have been identified on the erythrocyte surface by 
means of the corresponding antibodies (Race and Sanger, 1950) ; other receptor sites 
have been revealed by studies on virus haemagglutination (Hirst, 1942 ; Burnet, 
1952). Each group-specific material occurs on the erythrocyte surface in very 
small amounts, however, and this fact, and the firm combination which seems 
to exist between these materials and lipoid or lipoprotein constituents of the cell 
membrane, make difficult their isolation in quantities sufficient for detailed 
chemical studies, Consequently, our present knowledge of the chemical and 
physical properties of the human blood group substances has been. obtained 

14 





188 WINIFRED M. WATKINS AND W. T. J. MORGAN 


largely through a study of the water-soluble materials which show specificities 
corresponding to certain of the erythrocyte blood group characters and which 
occur in the tissue fluids and secretions of the majority of individuals. The water- 
soluble materials responsible for the A, B, H and Le®* specificities have each been 
isolated in an essentially homogeneous condition and identified as mucoids. 
Materials showing blood group specificity have been obtained in small quantities 
from erythrocytes by extraction with ethanol (Hallauer, 1934 ; Stepanov, Kuzin, 
Markageva and Kosjakov, 1940; Rasch, 1952) and the chemical analyses of the . 
relatively crude materials obtained have not been inconsistent with the attribution 
of a mucoid nature to these group-specific complexes. It has yet to be deter- 
mined whether the specifically reactive structures on the erythrocyte surface 
are chemically identical with those responsible for the blood group character of 
the water-soluble materials. 

An attack on the red cell surface by means of enzymes of known specificity 
presents an indirect method for obtaining evidence as to the nature of specific 
receptor sites. Morton and Pickles (1951), in an investigation on the proteolytic 
enzyme test for the detection of incomplete antibodies, discovered that trypsin 
will destroy the structures responsible for the serological M and N characters ; 
this was confirmed by Rosenfield and Vogel (1951). The inactivation of the M and 
N receptors by a proteolytic enzyme preparation suggests that the materials 
associated with these two specificities might be protein in nature but does not 
give any precise information as to the structures modified by the enzyme action. 
Enzymes which destroy the serological activity of the water-soluble blood group 
substances have been isolated from several different sources but, except for the 
blood group enzyme from Cl. welchii, which failed to bring about inactivation 
of the blood group receptors on the intact erythrocyte (Morgan, 1947), it is not 
known whether these enzymes behave towards the receptors on the red cell 
surface as they do towards the materials of similar specificity in solution. The 
main difficulty associated with the examination of the action of the blood group- 
destroying enzymes on the red cells arises from the fact that the enzyme prepara- 
tions used are frequently accompanied by other substances or enzymes which cause 
either haemolysis of the red cells or the development of extensive non-specific 
agglutination. The partially purified enzyme preparation derived from 7’. foetus, 
which was used for the experiments described here, did not cause haemolysis, 
and stable unagglutinated suspensions of the treated cells could be prepared in 
saline. At room temperature the treated cells were to some extent agglutinated 
non-specifically in serum but this difficulty was largely overcome by carrying out 
the agglutination tests at 37° or by previous absorption of the sera with 7’. foetus- 
treated cells which did not contain the receptor under investigation. The 7’. 
foetus enzyme preparation had been shown (Watkins, 1953) to destroy the sero- 
logical specificity of the water-soluble H substance, but to be without action on 
the water-soluble materials associated with A, B and Le* specificities. The 
observation that when the 7’. foetus enzyme is allowed to act on intact red cells 
the H receptors are rendered serologically inactive whereas the A and B structures 
are not detectably modified suggests that the same enzyme is responsible for the 
inactivation of the H substance in solution and on the red cell surface. The 
inhibition of the action of the 7’. foetus preparation on both the water-soluble H 
material and the H receptors on the intact erythrocyte by L-fucose and D-galacto- 
samine gives further support for the view that the same enzyme is involved in 
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the destruction of both forms of H specific structures. The partial inhibition 
of the enzymic destruction of the H receptors on the red cell surface by a solution 
of H substance and the failure of the A, B and Le* substances to cause similar 
inhibition is evidence that in the former instance the enzyme is competing for 
the same substrate. These results can therefore be taken as an indication that 
the serologically specific structures of the H substance in solution and the H 
receptors on the red cell surface are chemically similar. 

The 7’. foetus enzyme preparation, in addition to its action on the H receptors, 
causes other modifications in the behaviour of the erythrocyte. Thus, group M 
and N cells lose the capacity to react with their homologous antibodies, Rh- 
positive cells become agglutinable in saline by incomplete anti-D sera, and the 
receptors on the cell surface for the PR8 strain of influenza virus are destroyed. 
The failure of L-fucose and D-galactosamine to prevent the destruction of the 
M and N serological activities, and the inhibition of this destruction by all the 
water-soluble blood group complexes tested, suggests that the enzyme responsible 
for the destruction of the M and N receptors is different from the H-inactivating 
enzyme. The development of agglutinability in saline with incomplete anti-D 
sera following the treatment of Rh-positive cells with the 7’. foetus enzyme, 
and the destruction of the M and N factors without loss of activity of the closely 
related S factor parallels very closely the effect of treating cells with trypsin as 
described by Rosenfield and Vogel (1951). Trypsin, however, is without action 
on the H receptors of the red cell and the results would suggest that the 7’. foetus 
preparation contains in addition to a specific enzyme which inactivates H receptors, 
other enzymes which are similar in their properties to those present in the proteo- 
lytic enzyme preparations used for Rh sensitisation. Similarly, although 
treatment of red cells with the 7’. foetus preparation inactivates the virus receptors, 
destruction of these receptors by exposure of the cells to living virus does not 
result in loss of H activity. The virus receptor-destroying enzyme in the 7’. 
foetus preparation would again appear to be a different enzyme from the H- 
inactivating enzyme. 

Coffin and Pickles (1953) showed that red cells which had been inactivated 
serologically by treatment with periodate could be rendered agglutinable again 
for certain serological characters by treatment with trypsin. They considered 
that the cell surface was disrupted by the action of trypsin and that further 
material of similar specificity was exposed. In view of the observation that the 
1’. foetus preparation contains an enzyme similar in its properties to trypsin it is 
not surprising that in our experiments the treatment of red cells with trypsin 
after they had been exposed to the action of 7’. foetus enzyme failed to reveal 
additional H receptors. 

The earlier results on the action of viruses and proteolytic enzymes, together 
with those of the experiments described here, show that specific and controlled 
changes of the serologically reactive sites on the erythrocyte surface can be brought 
about by enzyme action. It may be possible, therefore, by the action of carefully 
chosen and purified enzymes to obtain red cells devoid of certain predetermined 
serologically reactive structures and thus to allow many absorption, agglutination 
and immunisation experiments to be performed which could not be carried out 
with unchanged cells. Similarly, it should be possible to determine the influence 
of individual immunologically specific receptors on the physical behaviour of the 
erythrocyte. A knowledge of these properties of erythrocytes should help to 
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clarify our understanding of the basic chemical and physical reactions responsible 
for their observed behaviour in the fields of virology and blood group serology. 


SUMMARY. 


The action of a partially purified enzyme preparation obtained from T'richo- 
monas foetus on certain of the specific blood group receptors on the erythrocyte 
surface is described. 

This enzyme inactivates the H-specific structures and those responsible for 
M and N specificity but is without action on the A, B, PorS receptors. Treatment 
of Rh(D)-positive cells leads to the development of specific agglutinability in 
saline with incomplete anti-D serum. 

The enzymes responsible for the inactivation of the H and M receptors can be 
differentiated by inhibition tests. The destruction of the H character is inhibited 
by L-fucose and p-galactosamine whereas these sugars do not inhibit the inactivation 
of the M receptors. 

Erythrocytes which have had their H receptors duihormet by the 7’. foetus 
enzyme are no longer agglutinated by the PR8 strain of influenza virus. Their 
treatment with the same virus does not bring about the destruction of the H- 
specific structures. 


Our thanks are due to the staff of the M.R.C. Blood Group Reference 
Laboratory for the supply of human sera. 
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CuLTURE filtrates of Clostridiwm welchii and Clostridium oedematiens contain 
lecithinases which are immunologically distinct but similar in their biochemical 
action. Amounts of these lecithinases which are equal in enzymic activity by 
titration in vitro against aqueous lecithin differ in their rate of attack on the 
phospholipid of intact erythrocytes (Macfarlane, 1950a); this difference was 
correlated with the variation in haemolytic activity observed by Oakley, Warrack 
and Clarke (1947). Apart from the differences in the primary action of the leci- 
thinases, which may be explicable as due to the goodness of fit between a particular 
immunologically distinct lecithinase and a particular species of erythrocyte, the 
secondary effect, i.c., the rate or extent of liberation of haemoglobin, varies 
considerably in cells from different species ; thus for the same amount of primary 
enzymic damage, sheep erythrocytes were far more susceptible to “ hot-cold 
lysis ” than horse or human cells. 

It seemed of interest, in considering this aspect of relative virulence, to examine 
the primary and secondary effects of Cl. welchii toxin on liver mitochondria from 
different species of animals ; it was likely that these lipoprotein particles would be 
susceptible to the lecithinase, and since mitochondria contain important enzymes 
any secondary effect on their metabolic activity might indicate the sequence of 
events in the pathological effect of the toxin in vivo. Some preliminary 
experiments (Macfarlane, 1950b) indicated that the succinoxidase activity of 
rabbit liver mitochondria was greatly decreased after treatment with Cl. welchii 
toxin. Further experiments on liver mitochondria from different species are now 
reported ; these follow some serological observations on the organ and species 
specificity of the mitochondria. 


MATERIALS AND METHODS. 


Preparation of mitochondria by differential centrifugation. 

_ The animals were bled out, the tissue (liver or kidney) pulped in a pressure grinder 
(Craigie, 1949) and the pulp suspended in 10 ml. 0-25 m sucrose/g. tissue at 2°. After straining 
through muslin, the suspension was centrifuged in 15 ml. tubes at 1000 r.p.m. for 30 min. at 
2° to deposit nuclei, red cells and any unruptured cells (fraction N). The supernatant was 
centrifuged in a Servall angle centrifuge at approx. 7000 r.p.m. for 30 min., to deposit the 
mitochondria (fraction M); the supernatant from this deposit containing the microsomes, 
soluble constituents and a few mitochondria was not further fractionated. For enzymic 
stucies fractions N and M were re-suspended in a suitable volume of 0-25 m sucrose and washed 
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by centrifuging if desired. The fractionation was checked microscopically by examination 
of smears. 

For use as an antigen, either for injection or for in vitro tests of antisera, the free-flowing 
layer of the mitochondrial deposit M was discarded with the supernatant, the mitochondria 
were re-suspended in sucrose and refractionated by slow centrifuging for 15 min. ; the deposit 
was discarded and the mitochondria deposited and washed twice with 0-25 m sucrose in the 
Servall angle centrifuge. 

Mitochondria were prepared in this way from liver and kidney of the rabbit, guinea-pig, 
rat and mouse. 


Immunisation. 

Samples of normal serum were taken before injection. Rabbit No. 275 received 5 
injections, at intervals of two days, of 1-0 ml. (0-8 to 1-0 mg. N) of freshly prepared mouse 
liver mitochondria in 0-25 m sucrose and was bled on the 5th and 7th day after the last injec- 
tion. A second similar course was given 3 weeks later. Rabbit 290 had one similar course 
of rat liver mitochondria. Guinea-pigs were given a similar course, with amounts of 0:5 
ml., and were bled on the 7th and 10th day after the last injection. The sera were kept at 
—10° without preservative. 


Complement fixation tests. 

Sensitised sheep red cells were prepared by mixing equal volumes of 2-5 per cent thrice- 
washed cells and rabbit haemolytic serum containing 10 M.H.D. Doubling dilutions of the 
test serum from 1/10 to 1/1280 were made in saline. To 0-25 ml. of each serum dilution 
were added 0-25 ml. complement (3 M.H.D.) and 0-25 ml. of a 1/5 dilution in saline of washed 
mitochondria. Antigen and serum controls were always included. The complement used 
was salt-preserved guinea-pig serum (Richardson, 1941). After 1 hr. at room temperature 
0:5 ml. sensitised sheep cells was added and the tests read after 30 min. in a water-bath at 
37°. The titre is recorded as the reciprocal of the highest serum dilution in which there 
was no haemolysis. 

Undiluted sera were absorbed with mitochondria, red cells, etc., as desired at 37° for 1 hr. 
and centrifuged. 


Cl. welchii toxin. 

The toxin was precipitated with ammonium sulphate from a culture filtrate of Cl. welchit 
Type A, strain 8107, dialysed against 0-9 per cent sodium chloride and freeze-dried. The 
lecithinase («-toxin) activity, determined according to Macfarlane and Knight (1941), was 
120 enzyme units (e.u.) per mg./N (i.e., approx. 240 mouse LD,9). The preparation also 
contained 6-toxin (active after treatment with thioglycollate), hyaluronidase, collagenase and 
possibly other antigens. 


Chemical analysis. 

The content of lipid and phospholipid was estimated by extracting samples twice with 
6 vol. of an ethanol-ether (1: 2) mixture at room temp., evaporating the extract in vacuo, 
extracting with ether and measuring the dry weight and P content of the ether-soluble 
portion 

P was determined colorimetrically after wet ashing and N by the micro-Kjeldahl method. 

Cytochrome c was prepared according to Keilin and Hartree (1945). Manometric 
estimations of O, uptake in various systems were made in a Warburg apparatus. 


SEROLOGICAL TESTS, 


Agglutination.—An attempt was made to demonstrate antibodies in the sera 
by agglutination of suspensions of mitochondria, but this was unsuccessful as 
the mitochondria agglutinated in normal rabbit serum to nearly the same extent 
as in the antisera, both at room temperature and 37° and whether the diluent used 
was 0-85 per cent saline or 8-5 per cent sucrose. 
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Forssman antibody.—After inoculation with mouse liver mitochondria Rabbit 
275 developed Forssman antibody, the serum lysing sheep cells in presence of 
complement to a titre of 160 compared with 15 before inoculation. The 
haemolysin was completely removed by absorption either with sheep red cells 
or minced boiled guinea-pig kidney. This serum was therefore absorbed with 
sheep cells before use in complement fixation tests. 

Rabbit 290, inoculated with rat liver mitochondria, did not develop haemolysin. 

Complement fixation.—The titres of the rabbit antisera to mouse and rat liver 
mitochondria against mitochondria from mouse, rat, guinea-pig and rabbit liver 
were considerably higher than in the pre-immunisation sera (Table I), so that 
presumably they contained some anti-mitochondrial antibody. There was no 
evidence of species-specificity in the response, either with unabsorbed or absorbed 
sera. 


TABLE I.—Complement Fixation Test for Species-specificity with 
Anti-mitochondrial Rabbit Sera. 


Test antigen : 
Liver mitochondria suspension from 


Mouse prep. No. Rat prep. No. 
Serum. —— 44 — 4" _ Guinea- Rab- 
Li. 2. 3. 4. iB 2. 3. ® pig. bit. 


Pre-immunisation . . 60 <40 <40 <40 . 40° 60 <40 <. © . ® 

Anti-mouse liver: Unab- 1280 1280° 480 480 . 2560 1280 480 . 960 . 160 
sorbed 

Absorbed* 2 ‘ ‘ — — 60. _-_ — a se. 3 

Anti-rat liver: Unabsorbed 480 320 40 160 . 480 640 60 640 . 640 . 10 

Absorbed* . ; ‘ —_ — — <40 . —_—_ -— —_ 60 .—.— 


* Absorbed with mouse liver mitochondria. 


However, when the same serum was tested against different preparations of 
an antigen the titres varied considerably ; moreover the ratio of the titres with 
the homologous and heterologous antigen also varied. This variation appeared 
to be correlated with the speed at which the mitochondria flocculated during 
the test ; the less stable the preparation the lower was the titre. It is clear 
that in these circumstances species-specificity would have to be very marked to 
be demonstrable with certainty. 

With guinea-pig antisera there was some slight ‘evdlontion of species-specificity, 
but the titres were lower than those of the rabbit antisera. Thus the titres of 
guinea-pig anti-mouse liver and anti-rat liver sera were 30 and 80 respectively 
against mouse liver mitochondria (Prep. 1) and 15 and 120 respectively against 
rat liver mitochondria (Prep. 1) compared with pre-immunisation titres of <10. 

The antisera against liver mitochondria were also tested for tissue specificity 
with preparations of kidney mitochondria as test antigen. Table II shows that no 
significant tissue specificity was demonstrated. 

Effect of antisera on enzymic activity of mitochondria.—Samples of rat and mouse 
liver mitochondria were kept at room temperature for 20 min. with (a) no serum, 
(6) normal rabbit serum and (c) homologous antiserum. The rates of oxygen 
uptake with succinate, p-phenylenediamine and ascorbate as substrates were 
then determined. The rate was increased slightly with succinate or p-phenylene- 
diamine (10-20 per cent) and appreciably decreased (30—60 per cent) with ascorbate 
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TaBLE II.—Complement Fixation Tests for Tissue Specificity with 
Anti-mitochondrial Rabbit Sera. 


Test antigen . 
Mitochondria suspension from 


Liver. Kidney. 


a \ ) | 
Serum. Mouse. Rat. Rabbit. Mouse. Rat. Rabbit. 


Pre-immunisation. <40 60 20 ; 40 80 60 
Anti-mouse liver . 1280 1280 160 < 640 640 480 
Anti-rat ats 320 640 10 . 880 480 40 


with normal serum as well as with antiserum. The reason for the difference 
between the effects with p-phenylenediamine and ascorbate, both substrates 
for cytochrome oxidase, is not clear. In these circumstances, though the decrease 
with ascorbate as substrate was greater with the antisera than with normal sera, 
it does not appear that there was a specific anti-cytochrome oxidase antibody in 
the antisera ; the effect may have been due to the flocculation of the mitochondria. 


BIOCHEMICAL EXPERIMENTS. 


Analyses of Mitochondrial Fractions. 


Typical analytical figures for the mitochondrial fractions prepared are shown 
in Table III. The fractions contained a high proportion of lipid, of which about 
45-55 per cent was calculated to be phospholipid. Ifthe phospholipid is referred 
to the total nitrogen content of the fraction, there is little difference between the 


various species of animal. The most obvious difference was in the total lipid 
content which in both the mitochondrial and the soluble fractions was highest 
in the mouse and lowest in the rabbit. 


TaBLe III.—Analyses of Mitochondrial Fractions from Liver of Different Species. 


Amounts per g. Amounts per mg. N 
wet wt. liver. in mitochondrial fraction. 


EES SCL CHS Ca 
Guinea- Guinea- 
Mouse. Rat. pig. Rabbit. Mouse. Rat. pig. Rabbit. 
Total N (mg.) . : 5-70 7°85 7-80 4-40 . —_ — — _— 
Total lipid (mg.) - 16-0 19-0 18-5 ° : 2-64 2-42 2-37 2-16 
Total P(ug.) . . 600 780 800 - 105 99 102 102 
Acid-soluble P (ug.) . 120 200 150 ca 26 19 23 
Lipid P (ug.) . 270 400 390 . 48 51 50 39 
Percentage of lipid P 
hydrolysed by Cl. 
welchit toxin . ae 57 53 


On treatment with excess Cl. welchii toxin at 38°, about half the phospholipid 
was decomposed with the formation of acid-soluble Pand N. Since the Cl. welchit 
lecithinase only attacks lecithin and sphingomyelin (with formation of phosphoryl- 
choline), the non-choline containing phospholipid constituted about 50 per cent 
of the total phospholipid, in substantial agreement with the chemical analyses 
of Swanson and Artom (1950). 
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Formation of Soluble Products after Treatment with Cl. welchii Toxin. 


After treatment with Cl. welchii toxin, the mitochondria could still be re- 
deposited by centrifugation. Except with guinea-pig liver mitochondria, very 
little nitrogenous material had passed into the supernatant fluid, the increase 
in soluble N and P being almost accounted for by decomposition of the phospho- 
lipid present (Table IV). It appears therefore that the predominant effect on 
the mitochondria was due to the lecithinase present in the toxin: there was no 
evidence of a proteolytic effect, though the possibility was not formally excluded. 


TaBLE [V.—Formation of Soluble Products from Mitochondria on Treatment with 
Cl. welchii Toxin. 


Mitochondria (3-0 ml.) incubated with 3-0 ml. Ca-borate buffer, pH 
7-2 at 38°+8-5 e.u. Cl. welchii lecithinase, then centrifuged and the deposit 
and supernatant analysed. Values corrected for toxin N. 


Mouse. Guinea-pig. Rabbit. 


Seas MTT DATS ee 
No With No With 
toxin. toxin. toxin. toxin. 
Total N (mg.) . - 23 --- ee — 
» Eee... -s . 0-24 — . 0-32 — 
Mitochondrial phospho- 
lipid P (mg.) . . 
Supernatant : 
P (mg.) ° ; - 0-067 0-131 . 0-071 0-125 
N(mg.) . . . 0°47 0-53 . 0-53 0-94 


0-116 0-054 . 0-144 0-085 


Rate of Attack by Cl. welchii Lecithinase on Mitochondria from Different Species. 


Samples (2-0 ml.) of mitochondria suspended in 0°25 m sucrose to give approxi- 
mately the same concentration of phospholipid were incubated with 1-0 ml. borate 
(Palitsch) buffer pH 7-2 containing 0-004 m CaCl,, and 1 ml. 0-14 m KCl in which 
the toxin was dissolved. After incubation at 38°, 1-0 ml. (20 i.u.) Cl. welchit 
antitoxin was added and samples taken for estimation of phospholipid P and 
acid-soluble P. The decrease in phospholipid P ran parallel with the increase 
in acid-soluble P (Table V); no change occurred in control samples of mito- 
chondria incubated without toxin. There was no appreciable difference between 


TanLe V.—Rate of Hydrolysis of Mitochondrial Phospholipid by Cl. welchii Toxin. 


Decrease 
Cl. welchii toxin in phospho- Increase in 
Source Original added (e.u.) lipin P. acid-soluble P. 
of phospholipin —_— ae 
mitochondria. (ug. P). (a) (d) (a) (b) 
Exp. 1. Incubation time 10 min. 

Mouse liver . . ‘ : 146 % , . . 29 49. 27 49 
Guinea-pig liver . ‘ : 153 , : , oe 45 . 19 54 


Exp. 2. Incubation time 5 min. 
Mouse liver . z > . 67 t . . . a a ‘ 10 22 
‘yuinea-pig liver . ‘ : 56 ‘ . , oo —-. 8 23 
Rabbit liver ‘ : ‘ 84 ; . . — —_ 
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the rate of hydrolysis of phospholipid in mitochondria from mouse and guinea- 
pig liver. This type of experiment was carried out in various ways, ¢.g., with 
lower concentrations of mitochondria and short periods of incubation (Table V, 
Exp. 2) to see if any difference in the initial stages of hydrolysis could be detected, 
but in the species examined—mouse, guinea-pig and rabbit—none was found. 


Effect of Cl. welchii Toxin on the Enzymic Activity of Mitochondria. 


Three enzyme systems of different type were studied : 

(1) Succinoxidase, since the activity of this complex is generally held to be 
dependent on the “ integrity ’’ of the particles carrying the individual components 
of the system (succinic dehydrogenase, cytochrome oxidase, and an intermediate 
factor) (Slater, 1949). 

(2) D-amino acid oxidase, which can readily be extracted from liver or kidney 


in solution. 

(3) Acid phosphomonoesterase, which is present in liver mitochondria and 
demonstrable after lysis (Berthet, Berthet, Appelmans and Duve, 1952) ; intact 
mitochondria do not hydrolyse f£-glycerophosphate presumably because the 
accessibility of the substrate to the enzyme is limited by the mitochondrial 
membrane. 


Succinoxidase system. 


The oxygen uptake was measured manometrically in a Warburg apparatus at 38° in 
air, the usual conditions being : Centre well: 0-3 ml. 2N NaOH; main well: 1-0 ml. 0-15 
m phosphate buffer, pH 7-2, 1-0 ml. mitochondria (about 0-4-0-6 mg. N), 0-2 ml. 3 x 10-4 
m cytochrome c, and water to 2-7 ml. ; side arm: 0-3 ml. substrate (0-25 mM sodium succinate, 
0-4 mM p-phenylenediamine, or 0-4 m sodium ascorbate) tipped in after 12 min. equilibration. 
For succinic dehydrogenase 0-5 ml. 0-01 m KCN and 0-2 ml. 0-01 m methylene blue were 
added to the main well. 

Preliminary experiments showed that after mixing the mitochondrial suspension in 0-25 
M sucrose with an equal volume of Palitsch borate buffer, pH 7-2, containing 0-004 m CaCl, and 
incubating 10 min. at 38° (conditions suitable for the action of Cl. welchii lecithinase) the 
succinoxidase activity was 90-100 per cent of that of the original suspension. These 
conditions were therefore used and comparison of activity was always made between samples 
incubated with and without toxin, sufficient toxin being added to ensure maximum hydrolysis 
of the phospholipid during incubation. The actual occurrence of hydrolysis was generally 
checked by determination of the acid-soluble P. 

It was not possible to test simultaneously for the individual enzymes and for the complex 
in presence and absence of toxin and in presence or absence of cytochrome c, so various 
combinations of simultaneous tests were made on individual preparations. The rate of 
oxygen uptake tended to decrease with time, generally more rapidly in the toxin-treated 
samples than in the control. The oxygen-uptake/mg. N in the first 20 min. was arbitrarily 
taken as basis for comparison of activity. 

Succinoxidase.—Mitochondrial preparations from mouse, rat and rabbit liver had a 
high intrinsic succinoxidase activity, increased by the addition of cytochrome c, but 
preparations from guinea-pig liver tended to be low in activity without addition of cytochrome 
C. 


Table VI shows that the succinoxidase activity was almost always greatly decreased in 
the toxin-treated samples ; mouse liver mitochondria sometimes appeared to be less affected 
in tests without added cytochrome c. With preparations of guinea-pig liver mitochondria 
showing a low intrinsic activity the percentage remaining active after treatment with toxin 
was higher but it seems probable that the guinea-pig mitochondria are more liable to damage 
during preparation and that the action of the toxin has therefore little further effect, if the 
original activity is low. 
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TaBLe VI.—Effect of Cl. welchii Toxin on Succinoxidase Activity of 
Liver Mitochondria. 


Oxygen uptake (l./mg.N/20 min.): Percentage 
activity after 
No toxin. Toxin-treated. toxin. 
a  ccmaaaealia a, ——— 
No -+ No No + 
Species. Exp. No. cyt. c. cyt. c. cyt. c. sits cyt.c. cyt.c. 
Mouse : Pies | iy! pana 260 540 26 10 
ML5 . 222 420 30 11 
Rat . : : R 2 : 474 2 3 
ti ey 410 : : 4 4 
Guinea-pig | a 216 ; 2 63 38 
1 oh 182 ‘ ; 12 25 
ae |: an : 540 2 9 
Rabbit. i. ee Pe 259 — 1 
ae _ 6 — 
Rb9 — 7 


Cytochrome oxidase——Representative results using ascorbic acid or p-phenylenediamine 
as substrate are shown in Table VII. With ascorbic acid, there was hardly any oxygen 
uptake in absence of added cytochrome c, indicating a marked limitation in the accessibility 
of the substrate to the endogenous cytochrome c. In absence of cytochrome c the oxidation 
was often increased after treatment with the toxin but in presence of cytochrome c was 
decreased to about 50 per cent of the control. 


Taste VII.—Effect of Cl. welchii Toxin on Cytochrome Oxidase Activity 
of Liver Mitochondria. 


Oxygen uptake (ul./mg. N/20 min.). 
— Percentage activity 
No toxin. Toxin-treated. after toxin. 
a ae 


a 
No + No = No + 


Species. Exp. No. cyt.c. cyt.c. cyt. c. cyt. c. cyt.c. cyt.c. 


Substrate : 
Ascorbate— 
Mouse P ; é M31 ‘ 224 - 2 ; 200 
M32 178 : - 200 
Rat . . ‘ " R3 - 2 148 R 2 ; 86 
Guinea-pig . << ee 104 —«t pS 
Fit ; 230 ‘ 62 


Substrate : 
p-phenylenediamine— 
Mouse é P 
- 383 . 844 
Rat . F ‘ ; . 368 P 290 


Guinea-pig . . 51 49 
74 y ; 64 


mae iy Wey sins 
; 129 ear 
Sats. ae ee 


The mitochondria rapidly oxidised p-phenylenediamine without addition of cytochrome 
c, though the rate was increased when this was added. The effect of the toxin varied 
somewhat with mitochondria from different species. Thus, in absence of cytochrome c, 
the activity was 90 per cent of the control with mouse mitochondria but about 10-20 per 
cent with rabbit mitochondria. 
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Another kind of difference between mitochondria of different species, which perhaps 
reflects some difference in the permeability, was the variation in the relative rates of oxidation 
of succinate and of p-phenylenediamine. Thus, guinea-pig and rabbit mitochondria oxidised 
succinate more rapidly than p-phenylenediamine, with rat mitochondria the rates were 
about the same and with mouse mitochondria the rate with succinate was lower. 

Succinic dehydrogenase.—The succinic dehydrogenase activity, measured by the oxygen 
uptake in presence of KCN and methylene blue, tended to increase in the toxin-treated 
samples (Table VIII). The activity in the control samples, however, was low compared with 
thesuccinoxidase activity, so that the conditions for measurement of the dehydrogenase activity 
were clearly not optimal. The cyanide may have some inhibiting effect, or possibly the 
methylene blue is not readily accessible to the enzyme. 


TasBLe VIII.—E£ffect of Cl. welchii Toxin on Succinic Dehydrogenase 
Activity of Liver Mitochondria. 
Oxygen uptake 
(ul. O,/mg. N/20 min. Percentage 
activity 
No Toxin- after 
Species. Exp. No. toxin. treated. toxin. 
Rat ° ° ° 79 ° 91 
70 ° 86 
Guinea-pig . : 52 : 163 
: 76 ‘ 120 
Rabbit . : ; 30 ; 140 
. 60 ° 90 
Rb9. 58 . 117 


Summarising these results, it appears that after treatment with Cl. welchii toxin, the 
succinoxidase system is greatly decreased in activity, but the component enzymes cytochrome 


oxidase and succinic dehydrogenase are generally less affected. The effect of the toxin is 
therefore most marked on the linkage between these two enzymes and the factor described 
by Slater (1949) catalysing the transport of electrons between cytochromes 6 and c. 

Oxidative phosphorylation.—Attempts were made to find whether the capacity for oxidative 
phosphorylation, using succinate as substrate and adenosine-5’-phosphate as acceptor, was 
affected by the toxin. However, after pre-incubation in conditions necessary for the action 
of Cl. welchii lecithinase, 7.e., in presence of Ca ions, there was no oxidative phosphorylation 
with the control samples although the succinoxidase activity was unimpaired, so the direct 
effect of the toxin on oxidative phosphorylation was not ascertained. 


D-amino acid oxidase in rat liver mitochondria. 

The distribution of this enzyme in three fractions obtained by differential centrifugation 
of rat liver pulp suspended in sucrose (nuclei, mitochondria and supernatant) was first 
examined. The activity was measured manometrically using 1-0 ml. enzyme sample, 0-3 ml. 
0-2 m D-alanine, 1-0 ml. phosphate buffer 0-15 m, pH 7-4, 5ug. purified catalase and water 
to 3:0 ml. The oxygen uptake in 30 min. was measured, and corrected for the oxygen 
uptake without substrate, which was appreciable in the samples of pulp and of the soluble 
fraction, but negligible in the mitochondrial fraction. 

Of the original activity of the pulp 88 per cent was recovered in the three fractions, 
mostly (85 per cent) in the mitochondrial fraction ; this had an activity of 58 yl./mg. N/30 
min. compared with 16 for the original pulp. 

Two preparations of rat liver mitochondria were pre-incubated with and without toxin 
and then tested for D-amino acid oxidase. The oxygen uptakes were respectively 58 and 
36 ul./mg. N/30 min. without toxin and 53 and 38 ul./mg. N/30 min. with toxin. The 
activity therefore appeared to be unaffected by the toxin. 


Acid phosphomonoesterase. 

Experiments were made on rat and mouse liver mitochondria. 

Three samples (4 ml.) of a suspension of mitochondria in 0-25 m sucrose were incubated 
for 10 min. at 38°, (a) with 4-0 ml. salt solution (0-142 m KCl, 0-012 m NaCl, 0-002 m CaCl,), 
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(b) with 4-0 ml. salt solution containing 20 e.u. Cl. welchii lecithinase, (c) with 4-0 ml. water. 
After centrifuging, the deposit was re-suspended in 8 ml. 0-25 m sucrose, to minimise further 
lysis, and the phosphatase activity and nitrogen content of the deposits and supernatant 
estimated. The supernatant liquid was slightly opalescent in a and b and very opalescent 
in c with a correspondingly small deposit. 

Phosphatase activity was estimated by incubating samples (2-0 ml.) with 1-0 ml. 0-1 um 
6-glycerophosphate in veronal acetate buffer at pH 5-0 for 10 min. at 38°, and determining 
the orthophosphate liberated with appropriate controls for zero values. 

After incubation in hypotonic medium, compared with a control in isotonic medium, the 
phosphatase activity was increased (Table LX), and practically all the activity, together with 
most of the nitrogen, was in the supernatant portion. After incubation with toxin in an 
isotonic medium, the phosphatase activity was increased in the redeposited mitochondria 
and in the supernatant, both absolutely and in activity/mg. N ; very little more nitrogen 
appeared in the supernatant than in that from the control. These results indicate that the 
permeability was altered by the action of the toxin, so that on the one hand some phosphatase 
leaked out into the medium and on the other hand the accessibility of the substrate to the 
phosphatase remaining in the mitochondria was increased. 


TaBLE 1X.—Effect of Cl. welchii Toxin on Acid Phosphatase Activity of 
Liver Mitochondria. 


(After pre-incubation in the medium stated, the mixtures were centri- 
fuged and the nitrogen content and phosphatase activity of the deposit and 
supernatant determined. Values refer to the fractions from 1-0 ml. 
mitochondrial suspension.) 


Deposit. Supernatant. 


Si 
Phosphatase activity Phosphatase activity 


(ug. P/10 min.). (ug. P/10 min.). 
(nme, aerate ae 
Pre-incubation Per Per 
medium. : Total. mg. N. mg. N. Total. mg. N. 
Mouse liver mitochondria. 
(a) Isotonic . ‘ . 18 . 0-12 2-9 24 


(b) ‘i + toxin é . 15-8 38 ‘ 0-19 9-9 52 
(c) Hypotonic : : 3°8 22 : 0-46 : 30 


Rat liver mitochondria. 
(a) Isotonic . : s , . 26 ° . . 98 
(b) »  +toxin. . . 74 : . . 380 
(c) Hypotonic e ° : . 24 . ° . 85 


DISCUSSION. 


The immunological specificity of particles derived from mammalian organs by 
high speed centrifugation was examined by Henle, Chambers and Groupé (1941) 
and by Furth and Kabat (1941) and varying degrees of organ and tissue speci- 
ficity were reported. Henle et al. suggested that the particles they used were 
mitochondria, but it seems probable from the method of preparation, the size and 
other characteristics that the particles were not mitochondria, but similar to those 
used by Furth and Kabat. Dianzani (1951) obtained an antiserum in rabbits, 
using rat liver mitochondria prepared by the method of Hogeboom, Claude and 
Hotchkiss (1946), which fixed complement with rat liver mitochondria but not 
with rat kidney mitochondria ; he observed no fixation with this antiserum in 
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presence of mouse, guinea-pig or rabbit liver mitochondria. Our results, so far 
as they go, do not confirm the existence of a marked species or tissue specificity 
with rat and mouse liver mitochondria. The tests, however, are not very 
satisfactory owing to the instability of the suspensions of the test antigens. The 
antisera did not inhibit the succinoxidase activity of the mitochondria. The most 
striking immunological difference was the presence of Forssman antigen in mouse 
liver mitochondria and its absence from rat liver mitochondria, which was not 
unexpected. 

The absence of any marked species-specificity is accompanied by, and perhaps 
may be correlated with, absence of any marked species difference in resistance of 
intact mitochondria to the attack of Cl. welchii lecithinase on the phospholipid ; 
this is in contrast to the variation in resistance observed with erythrocytes from 
different species. The effect of the toxin on the enzymic activity of the mito- 
chondria, which can be ascribed mainly to the action of the lecithinase, was also 
generally similar in the different species examined. The succinoxidase was 
greatly decreased ; the component enzyme systems, cytochrome oxidase and 
succinic dehydrogenase, were less readily affected, so the decomposition of phospho- 
lipid appears mainly to damage the factor concerned in the transport of electrons 
from cytochrome } to cytochrome c. This factor is concerned in the oxidation 
of dihydrocozymase, acting between diaphorase and cytochrome c, as well as in 
the succinoxidase system and is therefore a very important link in the oxidative 
mechanism of the cell (Slater, 1950). Nygaard and Sumner (1953) found that 
crystalline lecithinase A from snake venom also affected this factor in liver 
mitochondria. Wooldridge and Higginbottom (1938) earlier showed that Cl. 
welchii a-toxin interfered with the aerobic oxidation of succinate by various 
minced tissues and concluded that the effect was upon some intermediate link 
in the succinoxidase system. 

Berthet et al. (1952) suggested that release of acid phosphatase on incubation 
of mitochondria in a hypotonic medium was related to damage suffered by a 
membrane. Our experiments indicate that this membrane is damaged, though 
with little obvious lysis, by Cl. welchii toxin, for after hydrolysis of phospholipid 
part of the phosphatase passes into the medium, and the part still held by the 
particle is now accessible to f-glycerophosphate ; the phosphatase activity of a 
suspension of mitochondria is therefore increased as a result of the action of the 
toxin. The activity of D-amino acid oxidase, however, was not affected; the 
access of the substrate is presumably not restricted in the intact mitochondria and, 
unlike succinoxidase, the enzyme is readily extracted in soluble form (Krebs, 1935). 

On the assumption that in vivo the toxin passes into the cells, its pathological 
effect may arise from changes in the activity of various mitochondrial enzymes 
following the decomposition of the phospholipid of the particles. The resulting 
imbalance would tend to distort the metabolism of the cell, apart from any attack 
by the lecithinase on other structures. A decrease in oxidising capacity would 
lead on the one hand to a decrease in coupled processes of synthesis, and on the 
other, since oxidation of carbohydrate would tend to be replaced by glycolysis, 
to an increase in acid production. At the same time the phosphatase, now acces- 
sible to its substrates, may augment the autolytic process by the destruction of 
phosphorylated intermediates. Whether such a failure of biochemical function 
is sufficient cause for the failure of physiological function, such as the non- 
contractility of muscle, is not yet clear. Cl. welchii toxin hydrolyses the phospho- 
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lipid of myosin prepared from rabbit muscle without altering the ATP-ase activity 
(Macfarlane, 1950b); Kielley and Meyerhof (1950), however, found that the 
unstable Mg-activated ATP-ase was inactivated by the toxin. The effect on the 
contractility of fibrils has not been examined. 

Though there was no marked difference in the susceptibility of mitochondria 
from different species to the action of Cl. welchii lecithinase, there were some 
differences, not sharply defined, in the effect of the toxin on their enzymic activity. 
For instance, in absence of added cytochrome c, the succinoxidase activity of 
mouse liver mitochondria was less decreased than that of other species, the 
cytochrome oxidase activity of rabbit liver mitochondria more decreased. It 
was concluded from earlier experiments with rabbit liver mitochondria, which 
were made without added cytochrome c, that the cytochrome oxidase was inhibited 
equally with succinoxidase, but this is not generally so. There are clearly some 
differences between liver mitochondria of different species—e.g., the presence of 
Forssman antigen in mouse liver mitochondria, the lower proportion of fat in 
rabbit liver mitochondria, the greater phosphatase content of rat liver mitochon- 
dria—which, though not sufficient to vary the primary rate of attack of the 
lecithinase, may yet modify the secondary effect through differences in the stability 
of the remaining structure or the degree to which the enzymic balance of the cell 
isupset. This kind of difference may account for minor differences in the LD,,/kg. 
animal, or in the clinical signs of intoxication, whereas major differences in toxicity, 
as for example the contrast between the toxicity of Cl. welchii and Cl. 
bifermentans lecithinases (Miles and Miles, 1950), may be traceable to major 
differences in the primary attack of these enzymes on the cellular substrate. 


SUMMARY. 


Rabbit and guinea-pig antisera against rat and mouse liver mitochondria, 
tested by complement fixation with suspensions of mitochondria, had no significant 
species or tissue specificity. 

Cl. welchii lecithinase hydrolysed the phospholipids of intact mitochondria 
from the liver of rat, mouse, rabbit and guinea-pig at the same rate. 

After treatment with Cl. welchii toxin, the succinoxidase activity of mito- 
chondria was greatly decreased, the acid phosphatase activity was increased 
and the D-amino acid oxidase activity was unaltered. 

The pathological effect of Cl. welchii toxin may be ascribed in part to an 
imbalance of enzymic activities in the cell after the primary hydrolysis of 
mitochondrial phospholipid. 


REFERENCES. 


Brertuet, J., Bertuet, L., APPELMANS, F., AND Duve, C. pp—(1952) Biochem. J., 
50, 182. 

Craicin, J.—(1949) Brit. J. Cancer, 3, 439. 

Dianzant, M. U.—(1951) Experientia, 7, 102. 

Fourtu, J., AnD Kapat, E. A—(1941) J. exp. Med., 74, 247. 

HENLE, W., CoamBERS, L. A., AnD Groupé, V.—(1941) Jbid., 74, 495. 

Hocrsoom, G. H., CLaupg, A., AND Horcuxiss, R. D.—(1946) J. biol. Chem., 165, 615. 

Kerwin, D., anp Hartres, E. F.—(1945) Biochem. J., 39, 289. 





202 MARJORIE G. MACFARLANE AND NAOMI DATTA 


KiELLEY, W. W., anD MEyERHoF, O.—(1950) J. biol Chem., 183, 391. 

Kress, H. A.—(1935) Biochem. J., 29, 1620. 

MACFARLANE, MARJORIE G.—(1950a) Ibid., 47, 270.—(1950b) Ibid., 47, xxix. 

Idem and Knicur, B. C. J. G.—(1941) Ibid., 35, 884. 

Miues, ELLEN M., anp Mizzs, A. A.—(1950) J. gen. Microbiol., 4, 22. 

NyGaarp, A. P., anpD SumMNER, J. B.—(1953) J. biol. Chem., 200, 723. 

Oakey, C. L., Warrack, G. H., anpD CLARKE, P. H.—(1947) J. gen. Microbiol., 1, 91. 
Ricuarpson, G. M.—(1941) Lancet, ii, 696. 

Siater, E. C.—(1949) Biochem. J., 45, 14.—(1950) Ibid., 46, 484. 

Swanson, M. A., anp Artom, C.—(1950) J. biol. Chem., 187, 281. 

Woo.prRiDcE, W. R., anp Higetnsottom, ConstancE—(1938) Biochem. J., 32, 1718. 





AN ANTIBODY RESPONSE TO SKIN HOMOGRAFTS IN MICE 


D. B. AMOS, P. A. GORER, BARBARA M. MIKULSKA, 
R. E. BILLINGHAM* anp ELIZABETH M. SPARROW.+ 


From the Department of Pathology, Guy’s Hospital Medical School, London, S.E.1 
and the Department of Zoology, University College, London. 


Received for publication January 11, 1954. 


It has long been known that the destruction of grafted neoplastic cells of 
homologous origin is associated with an iso-immune reaction involving the 
production of circulating antibodies (see review by Hauschka, 1952). It is also 
generally held that the destruction of skin homografts involves an essentially 
similar mechanism but, since antibodies have not so far been demonstrated by 
orthodox serological methods, the possibility exists that orthotopic grafts of 
normal tissues, such as skin, evoke a somewhat different response from that 
of malignant cells. 

However, Billingham and Sparrow (1954) have now shown that if rabbit skin 
epithelial cells are suspended in serum from a specifically immunized animal 
(i.e., one that has received and reacted against skin homografts from the same 
donor) prior to auto-transplantation, their subsequent growth in vivo is partly 
or completely inhibited. This result is essentially similar to that obtained by 
Gorer (1942) with leukotic cells in mice and by Kidd (1946) with the Brown- 
Pearce carcinoma in the rabbit, and may be held to indicate a similarity between 
the response evoked by various types of cellular homograft, both normal and 
malignant. 

We were further encouraged to reopen the problem of demonstrating an 
antibody response to skin homotransplants since Gorer and Mikulska (1954) 
have greatly improved the techniques for detecting iso-haemagglutinins in mice, 
while Amos (1953), also working with this species, has evolved a method for 
detecting iso-agglutinins with leucocytes. The particular advantage of the 
latter technique is that it enables one to detect certain antigens present in some 
mouse tissues which are not represented in the erythrocytes. 


MATERIALS AND METHODS. 


The mice used were adult males from highly inbred strains often used in cancer research. 
The “ A” strain is albino with a high incidence of mammary cancer. The C3H strain is 
wild type in colour and also has a very high incidence of mammary cancer. The Bagg 
albino C (usually labelled Balb. C) and the C57 black strains have a low incidence of this 
disease. Susceptibility to spontaneous tumours is not believed to influence the result of 
grafting experiments. 

Operative methods—Two types of skin homograft have been used. In the majority of 
the iests to be described each recipient was given a single full-thickness pinch graft—a disc 
of full-thickness skin, about 9 mm. in diameter and weighing about 18-20 mg. In others 
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the “ graft ’’ comprised about 4 small rectangular sheets of the anatomically intact superficial] 
epidermis, prepared by a tryptic digestion technique from thin shavings cut from the skin of 
the donor’s tail. Full details of this technique are given by Billingham and Medawar 
(1951) who have shown that such grafts are perfectly viable in compatible hosts. Each 
animal received approximately 1 cm.? of homologous epidermis weighing 6-7 mg. 

The grafts, whether full-thickness or of the pure epidermal type, were transplanted to 
a vascular bed cut to the appropriate size in the skin of the side of the recipient’s chest. 
Full details of the method of preparing the graft bed and the application of dressings are 
given elsewhere (Billingham and Medawar, 1951). The primary inspection was carried out 
on the 8th day, and subsequent inspections every 2 days thereafter. When the outward 
appearance of the grafts was such as to leave no doubt that their breakdown was complete 
and of long standing (at the 12th—14th day post-operatively) half the animals in each experi- 
mental group—which comprised 9-10 mice—were killed with chloroform and bled from the 
heart ; the serum obtained from their pooled blood was tested for antibodies. The remaining 
animals in each group were given a second graft from the original donor strain and this 
regressed at an accelerated rate. Even at the primary inspection of these “‘ second set ” 
homografts, carried out on the 7th day post-operatively, it was apparent that breakdown 
was already complete. These animals were bled between the 7th and 10th days. Pooled 
sera were used as before. 

Serological methods.—For agglutination of erythrocytes the sera were diluted in saline 
containing 2 per cent dextran. The most suitable preparation of dextran for this purpose 
has a mean molecular weight of 100,000 and is prepared as a 10 per cent solution in 6 per 
cent glucose and autoclaved. The red cells are suspended in suitably absorbed human 
sera (see Gorer, 1950). In other respects the agglutination technique is the same as that 
used in Rhesus typing. 

The leucocytes for the agglutination tests were obtained from the peritoneal washings of 
mice inoculated 2—5 days previously with Myco. smegmatis. Normal saline was used as a 
vehicle for both cells and antiserum. Equal volumes of each were incubated in small tubes 
at 37° and the result read microscopically. (Full details of the method are given by Amos, 
1953). 

Absorption tests are essential in any antigenic analysis, and the ideal absorbing agent 
would have been a suspension of epidermal cells. Unfortunately the preparation of sufficient 
quantities of dissociated epithelial cells proved to be technically too exacting in the mouse. 
Minced whole skin does not form a satisfactory suspension, possibly owing to the preponder- 
ance of collagen. Liver can be obtained in adequate amounts, is readily homogenized and 
has therefore been employed for the majority of absorptions. Absorptions with skin were 
performed in a few instances but gave no information that was not obtained with liver and 
will not be further discussed. 

During storage at —20° or at room temperature following lyophilization most sera 
retain their ability to agglutinate red cells for many months, but some appear to develop 
some substance that strongly inhibits their capacity to agglutinate leucocytes. Fortunately 
this inhibitor is readily removed by absorption with minced perfused liver of the strain 
in which the antibodies were formed and this absorption was performed in all the tests with 
leucocytes to be described. 


RESULTS. 


The Antibody Response of C57 Blacks to Full-thickness Skin Homografts 
from Balb. C. 


Table Ia shows the titres of haemagglutinin demonstrable after the animals 
had reacted against either a single or two successive skin homografts. It will 
be seen that in addition to the red cells of the donor strain, those of the A strain 
were also agglutinated. It is perhaps surprising that the titre against the latter 
strain is higher in each case. We cannot discuss the matter fully here, but the 
available evidence suggests that we are dealing with a single antigen common to 
the red cells (and fixed tissues) of both strains, and that the A strain red cells 
are peculiarly susceptible to iso-agglutination. 
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TABLE la.—Antibody Response of C57 Blacks to Full-thickness Skin Homografts 
from Balb. C (Red Cell Agglutinins). 


Red cells of strain : A. Balb.C. C57. C3H. 
After first graft . ‘ 64 —((s 16 . 0 : 0 
»  second,, . J 1024 ; 128 ‘ 0 Fi 0 


Titres in this and succeeding tables expressed as reciprocals 


TaBLE 1b.—Antibody Response of C57 Blacks to Full-thickness Skin Homografts 
from Balb. C (Leucocyte Agglutinins) after Second Graft. 


Leucocytes of strain : A. Balb. C. C57. C3H. 
oor. ; 32 ° 64 0 ‘ 8 

Absorbed with liver ( A ‘ ‘ 0 ‘ 32 0 0 

from strain : Balb. C ; 0 ; 0 : 0 : 0 

C,H 2 8 ‘ 32 0 0 


Table 16 shows the iso-agglutinin titres determined by the leucocyte agglutina- 
tion method, which are somewhat different. Following the control absorption 
the leucocytes of the C,H strain were agglutinated, albeit to a lower titre than 
those of strains A and Balb.C. We may also point out that the peculiar sensi- 
tivity of A red cells is not shown by their leucocytes. As was expected the liver 
from Balb. C removed all agglutinins. However, A strain liver failed to remove all 
antibodies for the donor strain and we thus have evidence for the formation of a 
second antibody. In addition the feeble agglutinin acting on the C,H leucocytes 
may indicate the presence of a third antibody. However, it may be that C,H 
cells have an antigen very similar to that in the A strain. The result of absorption 
with C,H liver giving a significant reduction of titre for A leucocytes is consistent 
with the latter hypothesis. The lowering of the titre for Balb. C cells is probaby 
non-specific. 

At present it seems justifiable to conclude that red cell agglutination shows the 
formation of an antibody to one antigen, whilst the leucocyte agglutination 
enables at least one other factor to be identified. 


The Antibody Response of C57 Blacks to Pure.Epidermal Homografts from Balb. C. 


Table II shows the primary and secondary responses for red cell agglutinins 
elicited by homografts of this type. The differences in titre following pure 
epidermal homografting, and following full-thickness skin grafting are within the 
range of experimental error. The results show that the dermal component of 
askin homograft plays no essential rdle in the stimulation of the immune response 
and may be of minor importance in determining its magnitude. 


Tasie IIl.—Antibody Response of C57 Blacks to Pure Epidermal Homografts from 
Balb. C (Red Cell Agglutinins). 
Red cells of strain : A. Balb. C. C57. C,H. 


After first graft . . 128 : 32 ° 0 , 0 
» econ , . ‘ 512 . 128 , 0 ; 0 


A similar conclusion was reached by Billingham and Sparrow (1954) who have 
shown that the median survival time of pure epidermal homografts in the rabbit 
is only very slightly greater than that of full-thickness skin homografts of 
comparable surface area. 
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The Antibody Response of C,H Mice to Full-thickness Skin Homografts 
from A Strain Mice. 


Table Illa indicates that in so far as red cell agglutination is concerned the 
antibody response of C,H mice to A strain skin grafts is very similar to that 
already shown for C57 mice to Balb. C skin. However, Gorer and Mikulska 
(unpublished) have shown that if C,H mice are hyperimmunized with an A strain 
mammary tumour an agglutinin appears that reacts with the red cells of C57 
blacks. This brings the result of red cell agglutination in line with those shown 
for leucocytes in Table IIIb. Here it will be seen that the leucocytes of C57 blacks 
are agglutinated. The livers of both A and Balb. C remove all antibodies, whilst 
those of the C57 blacks remove only their own agglutinin (the lowering of titre for 
A strain leucocytes is probably not significant). In this case it will be seen that 
we have evidence of only two antibodies being formed, both the corresponding 
antigens probably being common to red cells and other tissues. 


TaBLE IIla.—Antibody Response of C,H Mice to Full-thickness Skin Homografts 
from A Strain (Red Cell Agglutinins). 
Red cells of strain : A. Balb. C. C57. C,H. 


After first graft . . 128 : 32 . 0 ° 0 
> mec0nd:.,,- ‘ 256 ; 128 . 0 


TABLE II1b.—Antibody Response of C,H Mice to Full-thickness Skin Homografts 
from A Strain (Leucocyte Agglutinins) after Second Graft. 
Leucocytes of strain : A. Balb. C. C57. CH. 
(A : . 0 


from strain : 


Absorbed with Sor eee ‘ 0 


ae P o— 
"Pio — 


In Table IV we have summarized our findings regarding graft dosage and 
antibody response ; for the latter the figures are given for the donor strain only. 
The difference between the primary response (that following a single homograft) 
and the secondary response (that following a second homograft after regression 
of the first) may to some extent be influenced by variations in experimental 
procedure. In any case it is not known what relationship exists between the 


TABLE IV.—Summary of Results. 


Interval 

Number between 

of Interval operation Number Red Leuco- 

Donor Recipient Nature immuni- between and of cell cyte 

strain. strain. of graft. zations. grafts bleeding mice. titre. titre. 

(days) (days) 
—- . 15 
21 . 9 

— . 13 

18 i 8 

12 


Dn. & 
256 . 64 
a. = 

32 


32 
32 
32 
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amount of antibody and the agglutination titre. A more adequate method of 
measuring the former might be to measure the amount of any tissue, such as 
the liver, needed to remove all detectable antibody. 


DISCUSSION. 


Our knowledge of iso-immune reactions has been almost entirely limited to 
reactions observable with red cells. It is a fortunate fact that some of the 
important. antigens in the mouse are shared by its red cells and fixed tissue cells. 
Medawar’s (1946) studies show that this is probably not so in the rabbit, and this 
goes far to explain the delay in detecting antibodies to skin homografts in this 
species. We are at present engaged in studying the ability of mouse erythrocytes 
to stimulate an immune response against skin homografts. 

Even with red cells special methods have often to be used in order to bring 
about their agglutination or haemolysis. When this is so we speak of incomplete 
antibodies. This may well be a misnomer. For example, in mice we may have 
to use the human serum : dextran system to detect an antigen on the red cells, 
while the same antigen on the leucocytes may be detectable in a saline medium, 
in which case the corresponding antibodies are ‘‘ complete.” Whether we refer 
to these antibodies as “ incomplete ” or “ inconvenient ”’ it is obviously desirable 
to improve our methods of detecting those reacting with cells other than erythro- 
cytes. Our knowledge of the réle played by antibodies in the destruction of 
homografts is very meagre. The experiments quoted in the introduction show that 
antibodies have some direct deleterious effect in vivo, but it remains to be shown 
why they are apparently inactive in tissue culture (see Medawar, 1948 ; Allgéwer, 
Blocker and Engley, 1952 ; Amos, 1953) and why passive immunity to homologous 
tissue grafts has never been transmitted by means of serum (Mitchison, 1953 ; 
Billingham, Brent and Medawar, unpublished.) 

The primary object of the present paper was to show that antibodies are 
formed in response to orthotopically transplanted skin homografts. A thorough 
antigenic analysis is a very involved process but the limited data presented here 
point to certain facts that may prove of clinical importance in homografting in 
man. The small number of antibodies that are detectable does not reflect the 
actual number of antigens that may be confidently assumed to differentiate the 
skins of any two mouse strains. Bittner (1936) made a genetic study of splenic 
homografts in mice from which one may deduce that strains may differ by seven 
or more antigens. Medawar (1945), studying skin homografts in rabbits and 
using a different approach from that of Bittner, gave seven as the minimum number 
of antigens likely to differentiate two unrelated rabbits. The fact that less than 
half this number of antibodies have been demonstrated in any given mouse serum 
indicates that some antigens are far more potent stimuli than others. This indeed 
is well known in human iso-immunization. According to figures given by Race 
(Mollison, Mourant and Race, 1952) anti-C is only present in about 30 per cent of 
sera resulting from Rh. immunization ; in theory it could be formed in about 80 
per cent but apparently anti-D is usually formed preferentially. It is very 
probable that such differences in antigenic potency not only influence the titres 
observed in vitro but the fate of grafts in vivo. Thus working with a mouse 
sarcoma Gorer (1938) showed that if mice were compatible for a major antigen, 
a graft might persist for three months or more, whilst if they were not so it 
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regressed in about two weeks. It is therefore possible that we might greatly 
prolong the life of human homografts if we could match them for a relatively 
small number of major antigens. It would very seldom be possible to obtain 
compatibility for all of a very large number of antigens. 


SUMMARY. 


Incompatible skin homografts in mice stimulate the formation of antibodies 
that react with red cells and leucocytes. Some of the pertinent antigens may be 
absent from the red cells. All are apparently present in the liver and in leucocytes. 

Homografts comprising the superficial epidermis freed from all dermal elements 
are apparently as effective in stimulating antibody production as are full-thickness 

afts. 
. It is pointed out that not all antigens are equally potent, and some antibodies 
are apparently formed preferentially. This may prove of clinical importance. 


Our thanks are due to Professor P. B. Medawar, F.R.S. for helpful criticism 
and for reading the manuscript, and to Dr. James Craigie, F.R.S., who supplied 
some of the mice used in these experiments. 
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SURVEY OF PAPERS 


BENACERRAF, HALPERN, B10zzI and BENOs have found the time for granulopectic activity 
to return to normal in rats following blockading of the reticulo-endothelial system by India 
ink injection. The return is considerably prolonged if the ink suspension contains shellac. 
While cortisone and nitrogen mustard did not interfere with granulopectic activity, they 
greatly prolonged the time for return to normal in animals blockaded with India ink, especially 
if shellac-containing preparations were used. They suggest that cortisone and nitrogen 
mustard may act by delaying the regenerative proliferation of the R.E. cells (p. 97). 


HEstRIN, SHILO and FEINGOLD injected Salm. typhi into mice and found that the infection- 
promoting activity of additionally injected dextran or levan depended on the degree to 
which these compounds were polymerized. They no longer promoted infection when 
partially hydrolysed to reduce their molecular size to about that of plasma albumin (p. 107). 


HEstRIN, SHILO, FEINGOLD and WoLMAN inoculated mice intraperitoneally with Salm. 
typhi and studied the infection-promoting activity of intravenous levan. This effect was 
greatest when the polysaccharide was given simultaneously, and was no longer demonstrable 
when it was injected more than 3 hours after the infection. When both were administered 
at the same time peritoneal lavage could appreciably diminish the effect of levan provided 
it was performed within 3 hours. It is concluded that the increase in intraperitoneal survival 
of bacteria after levan administration is secondary to an extraperitoneal interaction between 
the two (p. 112). 


TEKMAN and DALGLIESH prepared antibody containing I and assayed the radioactivity 
of samples of rabbit blood at intervals after an intravenous injection of it. The rate of 
disappearance so determined corresponded to that found by other workers using different 
methods (p. 118). 


FixpEs has studied the calcium requirements of 8 phages acting on strains of Salmonella 
and shown that they vary from an absolute requirement to capacity to cause lysis in a 
calcium-free medium. Magnesium could to some extent replace calcium although the 
resulting burst size was usually much smaller (p. 122). 


Burrows and Bacon, in view of the fact that Pasteurella pestis grows best at 28° and 
not at 37°, speculate on the possibility that avirulent strains represent reversions to primitive 
ancestors which were parasites of arthropods. They have attempted to produce virulent 
mutants from an avirulent strain, and may have succeeded once in 237 trials (p. 129). 


Burrows and Bacon, using an avirulent strain of Pasteurella pestis and the virulent 
mutant whose isolation was described in the preceding paper, have shown that when injected 
into the peritoneal cavity of the mouse both strains are initially attacked by polymorpho- 
nuclear leucocytes. After a short period the virulent strain is able to withstand phago- 
cytosis; the relation of this phenomenon to virulence has been examined (p. 134). 


BELTON and STRANGE set out to improve the yield of protective antigen derived from 
Bacillus anthracis growing in a semi-synthetic medium. They have succeeded, and this 
material designed for chemical studies has been used for the immunisation of animals with 
excellent results (p. 144). 


STRANGE and Bretton have attempted to identify the protective antigen and other non- 
dialysable growth products of Bacillus anthracis growing in the medium described in the 
preceding paper. A protein and a galactose-glucosamine polysaccharide could always be 
recovered, and the former has been shown to act as a strong protective antigen (p. 153). 


(i) 





Cummins has studied the antigens present in the cell wall of a mitis strain of Coryne- 
bacterium diphtheriae. He has found a superficial specific protein antigen and a deeper 
group antigen which is probably a carbohydrate. The possible value of such antigens in 
classification is discussed (p. 166). 


WIntFRED M. Watkins and Moraan have shown that a partially purified enzyme pre- 
paration obtained from T'richomonas foetus inactivates H M and N receptors on the red cell 
surface. Inactivation of H receptors, but not of M, is inhibited by certain sugars. After 
inactivation of their H receptors red cells are no longer agglutinable by influenza virus 


(p. 181). 


MarJorre G. MACFARLANE and Naomi Datta have studied the action of Cl. welchii toxin 
on liver mitochondria on the supposition that the lecithinase in this toxin would act on 
structures containing lipoprotein, and that its effects might afford some indication of the 
behaviour of tissues affected by the toxin in vivo. They found succinoxidase activity greatly 
decreased, acid phosphatase activity increased, and D-amino-acid oxidase activity un- 
changed. It was also found that antisera to mitochondria of different origins had no organ 
or species specificity (p. 191). 


Amos, GoRER, BARBARA M. Mrikuuska, BILLINGHAM and ELIZABETH M. SPARROW have 
shown that in mice grafted with skin from another strain agglutinins are developed for 
both red cells and leucocytes of the donor strain and sometimes of others (p. 203). 
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